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Organic electronics have developed rapidly over the past few decades. Despite this progress, 
device performance must be further improved before organic photovoltaic devices and organic 
field effect transistors can be widely commercialized. Therefore, both the design of new organic 
semiconductors and understanding how molecular structure affects the optoelectronic properties 
of these semiconductors are critically important. In this context, this thesis discusses the effect of 
molecular structure on the optoelectronic properties (e.g., oscillator strength, frontier orbital 
energies, optical band gap, and charge carrier mobilities) of organic semiconductors.  
The thesis deals with two different types of structural modifications to isoindigo-based 
semiconductors. The first section focuses on the effect of linear-conjugation and cross-conjugation 
on the oscillator strength of molecular organic semiconductors based on a ring-expanded isoindigo 
derivative. Compared to isoindigo analogues, extending the conjugation of the p-system through 
ring fusion substantially red-shifted the absorption maximum of the HOMO to LUMO transition; 
however, the cross-conjugation significantly reduced the oscillator strength. As a result, the 
photocurrent was significantly lower for organic photovoltaic devices made with cross-conjugated 
materials compared to linearly conjugated materials.  
The second section discusses the effect of torsional strain in two new polymeric 
semiconductors, namely poly(ethynyl-alt-isoindigo) and polybisisoindigo, on their electron 
mobilities. The electron mobilities are compared to the control polymer polyisoindigo, which 
exhibited a relatively poor electron mobility because of a large torsion angle. In the ethynyl-alt-
isoindigo copolymer, the sterically unencumbered ethynyl spacer helps reduce the torsion angle 
between adjacent isoindigo units and conserve planarity in the polymer backbone. In 
polybisisoindigo, every second isoindigo unit was fused together, replacing a single bond between 
repeating units. This lowers the overall degree of torsional strain in the polymer chain. The 
increased planarity improved the electron mobility of these new polymers relative to 
polyisoindigo. Out of the two new polymers, thin-film transistors fabricated using 
polybisisoindigo displayed the highest electron mobility of 1.26 × 10-3 cm2/V·s. This was 
attributed to the extended conjugation of the ring-fused bisisoindigo-based system which increased 
 
 iii 
intra-chain electron transport along the polymer backbone. In addition, the larger size of this ring-
fused p-system might have made polybisisoindigo less sensitive towards positional disorder.  
In conclusion, a substitution pattern leading to linear conjugation is essential for high 
oscillator strengths. This increases the absorption coefficient of the material, resulting in a higher 
photocurrent when incorporated in photovoltaic devices. A minimized torsional strain in the 
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Chapter 1 - Introduction 
The year 1977 was the beginning of organic electronics. In this year, it was reported that 
polyacetylene could be doped to substantially improve its conductivity, paving the way toward the 
field of organic electronics.1-2 Later in 2000, Alan Heeger, Alan MacDiarmid, and Hideki 
Shirakawa won the Nobel Prize in Chemistry for the discovery and development of conductive p-
conjugated polymers. Their discovery opened up a new possibility of producing functional 
electronic devices with mechanical flexibility, impact resistance and optical transparency, which 
are challenging features to achieve with conventional silicon-based devices. 
1.1 Organic Semiconductors 
Most organic molecules are insulators because of the localized nature of their bonding, with 
large energy gaps between 𝜎-𝜎* and p-p* orbitals.  However, some conjugated organic polymers 
and conjugated molecules in the solid state can behave as semiconductors. Organic materials 
become semiconducting in nature because of delocalization of the p-electrons in a system with 
extended conjugation. To understand the semiconducting behavior of poly(acetylene), we can start 
from ethylene and gradually extend the p-conjugation length. In ethylene, p bonding and p* 
antibonding orbitals represent the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO), respectively (Figure 1.1). With an additional p-bond in 
1,3-butadiene, there are two bonding and two antibonding orbitals. Noticeably, the energy gap 
between bonding and antibonding orbitals is smaller each time a p-bond is added. In the case of 
poly(acetylene), the conjugation is extended up to ‘n’ ethylene units, where the large number of 
p-orbitals are so closely spaced on the energy scale that it leads to a continuum of energy levels, 
considered as bands. For a poly(acetylene) chain with a semi-infinite length, the polymer is 
expected to be metallic; p-electrons should be fully delocalized over the entire chain, leading to 
equal bond lengths. However, in practice, poly(acetylene) has an alternating structure of single 
and double bonds generating two degenerate states. This is termed a Peierls distortion and 
generates a discrete band gap between the valence band (p-bonding orbitals) and the conduction 







Figure 1.1 Depiction of band formation in polyacetylene starting from molecular orbital diagram 
of alkenes. 
Unlike polymeric materials, extended conjugation is not enough to make an organic 
molecule a semiconductor. For example, in spite of five fused benzene rings in pentacene, the 
electronic structure does not lead to any energy continuum and only affords discrete energy levels. 
The interaction between organic molecules in the solid state is essential for imparting 
semiconductivity. The electronic coupling because of intermolecular p-p stacking further splits 
the energy levels of two stacked pentacene molecules. When the number of orbitals is large as in 
a macroscopic solid, it leads to the formation of narrow bands with a discrete band gap and 







Figure 1.2 Depiction of band formation of pentacene in solid state. 
The basic structure of organic semiconductors, therefore, is defined as p-conjugated 
networks stacked by weak van der Waals forces. However, the kinks and twists in the polymer 
chains or defects in the molecules limit the accessible conjugation length in the semiconductor, 
resulting in different conjugated segments. Because of this variation in conjugation length in 
polymers and poor overlap in molecular semiconductors, organic semiconductors do not form 
well-defined and highly-delocalized energy bands, as do inorganic semiconductors. Given the 
presence of energetic and positional disorder alongside the strong electron-phonon coupling, 
electrons in organic semiconductors are predominantly confined to individual molecules.3-4 As a 
result, charge transport in organic semiconductors takes place through thermally-assisted hopping 
or tunneling of carriers between contiguous localized states.5 Figure 1.3 illustrates the density of 
states plot of an organic semiconductor, centered around the HOMO and LUMO energies. As the 
degree of macroscopic delocalization is low compared to inorganic semiconductors, the full width 






orbital theory (HOMO and LUMO) is often used instead of valence band and conduction band to 
describe these organic materials. The energy difference between the HOMO and LUMO can be 
measured by the onset of absorption in the solid-state UV-vis spectrum of the material and is 
termed the optical band gap (Eg,opt). 
 
Figure 1.3 Density of states approximation of an organic semiconductor. It depicts the electron 
affinity (EA), ionization potential (IP), and optical band gap (Eg,opt).6 
1.2 Organic Photovoltaics 
Rapid population growth has led to a sharp increase in energy consumption across the globe. 
This global requirement is expected to rise by 28% between 2015 and 2040, as predicted by the 
US Energy Information Administration.7 Fossil fuels have been the primary way of meeting this 
ever increasing demand over the last century. Greenhouse gases, released from burning of these 
fossil fuels, have increased the global temperature by 1.0 °C over the last 115 years (1901-2016).8-
9 Further use of fossil fuels will likely increase the global temperature by another 4.0 °C by the 
end of this century. Renewable energy is the safest alternative for meeting energy demands without 






In 1954, Chapin, Fuller, and Pearson invented the first solar cell incorporating a silicon p-n 
junction with a power conversion efficiency (PCE) of 6%.10 However, photovoltaic technology 
remained a cost intensive way to produce power for a number of decades, primarily because of the 
energy intensive purification of silicon. Nevertheless, demand for sustainable energy resources has 
expedited the development of silicon technology. The average module price dropped to US$0.40 
W-1 in 2016 from US$4 W-1 in 2006.11 This cost reduction massively accelerated the commercial 
use of solar power. As a result, global photovoltaic capacity increased from 7 GW in 2006 to 300 
GW in 2016. 
This exponential growth of Si-based photovoltaics has encouraged researchers to explore 
other photovoltaic technologies, including organic photovoltaic devices (OPVs).12 Organic 
semiconductors have certain advantages which can never be achieved with traditional inorganic 
semiconductors like silicon. In the case of inorganic semiconductors, atoms are held together by 
strong covalent or ionic bonds, leading to crystalline three-dimensional structures. These 
crystalline structures involve substantial orbital overlap, resulting in efficient charge transport via 
highly delocalized bands. However, these robust structural motifs do not allow processability from 
solutions at room temperature; rather, they are commonly deposited or patterned via energy 
intensive and expensive methods involving high temperature and vacuum. In contrast, organic 
semiconductors are discrete molecules or macromolecules held together by weak van der Waals 
forces. As a result, organic semiconductors are soluble in common organic solvents and can be 
processed from solution using low-cost deposition methods such as roll-to-roll printing. Given the 
weakly bound structure of organic materials, they can be mechanically flexible, which enables 
device fabrication on flexible substrates such as plastic, paper or even fabrics. Moreover, the 
frontier molecular orbitals (FMOs) of organic semiconductors can be tuned by modifying the 
molecular structures; therefore, the optoelectronic properties of these organic materials can be 
tailored as required. For example, organic materials can be synthesized with aesthetically pleasing 
colors when a solar panel needs to be installed on a backpack or fabric. The frontier molecular 
orbitals can also be tailored to absorb in the near-infrared (NIR) region so a cell can be transparent 






1.2.1 Device Physics 
To realize the potential of OPVs, understanding the fundamental device physics is 
important.13-14 In a circuit, OPVs can be compared to batteries. In a battery, chemical energy is 
used to generate a cell potential between two terminals and power is extracted when a load is 
connected. As shown in Figure 1.4, solar energy is used in a solar cell compared to chemical energy 
in a battery. When a solar cell is illuminated, positive (hole) and negative (electron) charge carriers 
are generated and a voltage develops between the two terminals, analogous to the cell potential of 
a battery. This voltage between the isolated terminals (infinite resistance) is called the open-circuit 
voltage (VOC). When both terminals are connected to a load (R2) this generates a voltage between 
0 and VOC and draws a current as per Ohm’s law. 
                                
Figure 1.4 A solar cell is equivalent to a battery in a simple circuit. 
Like other photovoltaic devices, OPVs are photodiodes and the basic device physics is 
similar to a silicon solar cell. In the absence of any light, a solar cell acts as a diode. An ideal diode 
is a device which allows current to flow in one direction between its terminals, but resists current 
flow in the opposite direction. When an external voltage is applied in the dark, a diode produces a 
current called the dark current. This dark current can be expressed by the Shockley diode equation 
(Equation 1.1). 
𝐽	 𝑉 = 	 𝐽< 𝑒𝑥𝑝
𝑒𝑉
𝑘A𝑇






J is the current density as a function of applied voltage V. J0 is the reverse saturation current 
density. It is a measure of the leakage current through the diode and is usually very small. J0 is 
independent of applied voltage but depends on temperature. The remaining terms include the 
elementary charge (e), Boltzmann’s constant (kb), and the temperature (T). When the cell is 
illuminated, another current is generated which is called the photocurrent (Jph). The photocurrent 
always works against the dark current. Therefore, the Shockley diode equation can be modified as 
shown in Equation 1.2. Conventionally, in the field of photovoltaics, the direction of the 
photocurrent is considered positive, and the dark current is negative. 
𝐽	 𝑉 = 	 𝐽EF − 𝐽< 𝑒𝑥𝑝
𝑒𝑉
𝑘A𝑇
−1  Equation 1.2 
In reality, no solar cell works according to the ideal circuit model in Figure 1.5; therefore, a 
modified circuit model is needed to represent the non-ideal behavior. As shown in Figure 1.5, two 
parasitic resistances are added to the equivalent circuit model. The resistance added in series is 
called the series resistance (Rs) and the resistance in parallel is called the shunt resistance (Rsh). 
The Rs impedes the photocurrent flow, and therefore it should be zero for an ideal cell. Specifically, 
the series resistance can build up because of a number of factors, such as interfacial Ohmic 
resistance and poor charge carrier mobility of the organic semiconductor. The shunt resistance 
functions to resist the current flow in alternative pathways. Therefore, unlike the series resistance, 
Rsh should be infinitely large for an ideal cell. A high shunt resistance reduces counterproductive 
pathways such as leakage current and geminate recombination, forcing the photocurrent to flow in 
the desired direction. The modified Shockley diode equation for a solar cell behaving non-ideally 
is presented in Equation 1.3. The term n in this equation represents the empirical ideality factor of 
a diode which is a measure of how closely the diode follows the ideal diode equation. Therefore, 
the term n measures the junction quality and indicates the type of recombination mechanisms that 






                      
Figure 1.5 Equivalent circuit models for ideal and non-ideal solar cells. 
𝐽	 𝑉 = 	 𝐽EF − 𝐽< 𝑒𝑥𝑝





 Equation 1.3 
A solar cell would need to be tested against a series of loads to record its full J-V curve; 
however, a source measure unit is used to make the measurement easier where the diode potential 
is swept linearly and the output current is recorded. Figure 1.6 depicts the J-V characteristics of a 
solar cell which provides all the parameters needed to calculate its PCE. The maximum power 
density is denoted by Pmax and represents the point where the product of current density and voltage 
has the highest value on the J-V curve. The J and V value at the maximum power density point are 
referred to as Jmax	and Vmax, respectively. The short-circuit current density (JSC) is the current 
density of a device when the voltage across the cell is zero. As mentioned earlier, the VOC is the 
voltage when the terminals are not connected (J = 0). However, no power can be extracted at either 
of these two points. The product of JSC and VOC is an important parameter to define the fill factor 
(FF) of a device. The FF is defined as the ratio of Pmax and the product of JSC and VOC. Graphically, 
the ratio of the area of the red rectangle to the area of the blue one in Figure 1.6 is the fill factor. 
Therefore, it is a measure of the ‘squareness’ of the J-V curve. In other words, the squarer the J-V 
curve, the higher the PCE of a cell. The PCE is the standard parameter used to compare the 
performance of a solar cell. It is defined as the ratio of power output from a solar cell to power 
input (Pin) from the illumination source. The shunt resistance (Rsh) and the series resistance (Rs) 
can roughly be calculated from a J-V curve assuming that any device behaves as a linear Ohmic 
resistor near VOC and	JSC. The series resistance is equal to the inverse of the slope of the line as it 
passes through VOC and the shunt resistance can be estimated by the inverse of the slope of the line 







Figure 1.6 Sample J-V curves under light and dark, denoting the J-V parameters: VOC, short circuit 
current density (JSC), maximum power density (Pmax), fill factor (FF), and PCE. 
1.2.2 Working Principle 
OPVs consist of a multilayered structure. The layer responsible for absorbing sunlight is 
called the active layer of a device. This active layer is sandwiched between electrodes and made 
of two semiconductors: a p-type semiconductor and an n-type semiconductor. The process of 
charge transfer at the interface of these two semiconductors is presented in Figure 1.7 a.12-13, 15 
Once the active layer of a cell is illuminated by sunlight, an exciton is generated because of the 
photo-excitation of one of the semiconductors. The excitons are predominantly generated in the p-
type semiconductor when fullerene derivatives (Figure 1.7 b) are used as the n-type material 
because of their weak absorption in the visible region. An exciton is a bound electron-hole pair, 
which are attracted because of the electrostatic coulomb interaction. Because of the low dielectric 
permittivity of organic materials, the generated exciton cannot be dissociated into free charge 
carriers by ambient thermal energy. In order to dissociate into free charges, the exciton randomly 
diffuses towards the interface of the p-type and n-type semiconductors. After reaching the 






dissociates. An energy offset greater than 0.3 eV between the LUMO level of the two 
semiconductors is usually required for an exciton to dissociate.16-17 After the exciton dissociates, 
free electrons and holes diffuse to their respective electrodes and power can be extracted when the 
external circuit is completed. To achieve a commercially competitive PCE, all of the interfacial 
procedures described above need to be optimized. Hence, the following section will focus on each 
different layer separately. 
 
 
Figure 1.7 (a) Energy band diagram to depict the functioning of a simple organic photovoltaic 
device, (b) structure of C60 and phenyl-C61-butyric acid methyl ester (PC61BM). 
1.2.3 Architecture 
1.2.3.1 Active Layer 
There are two different types of active layers commonly used for OPVs: planar 
heterojunctions and bulk heterojunctions (BHJ). A planar heterojunction is a bilayer structure 
where a layer of p-type material is in contact with another n-type material at a single junction 






device was composed of p-type copper phthalocyanine and n-type perylene diimide.18 It showed a 
maximum PCE of 0.95%. These devices suffered from a poor JSC (2 mA·cm-2) because of a low 
driving force for charge separation and poorly absorbing active layers. The emergence of the 
carbon allotrope fullerene (C60) as an n-type material took OPV research to the next level. After 
demonstrating photoinduced electron transfer from the p-type semiconductor poly[2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) to fullerene in 199219, Saricifitci et al. 
subsequently used a planar heterojunction of MEH-PPV:C60 as a photodiode sandwiched between 
indium tin oxide (ITO) and gold electrodes. Owing to the poor photocurrent density (JSC = 2.08 × 
10-3 mA·cm-2), these devices exhibited a maximum PCE of only 0.04%.20  
 
Figure 1.8 Different type of active layers in OPVs – (a) planar heterojunction, and (b) bulk 
heterojunction. 
Excitons in organic semiconductors have a limited diffusion length of 10-20 nm; therefore, 
only 20-40 nm of a 100 nm thick active layer effectively produces photocurrent. Excitons 
generated within 20 nm of the heterojunction between the p-type and n-type semiconductors can 
reach the interface to split into free charge carriers. This suggests that the ideal thickness of a 
polymer film should be no more than 40 nm, which is too thin to absorb all of the incident sunlight 
and generate a reasonable photocurrent. This fundamental problem of balancing the film thickness 
with efficient exciton dissociation was solved by Yu et al. in 1995 by introducing the BHJ layer.21 
In a BHJ layer, a thin film is deposited from a single solution containing both p-type and n-
type semiconductors which yields a phase separated blend of the two materials. The characteristic 
interpenetrated domain size is on the nanoscale, because of the mixing of the two components; 
therefore, excitons can reach the interfacial boundary before geminate recombination occurs 
(Figure 1.9). This solves the problem of inefficient charge extraction while having a 100 nm thick 






containing MEH-PPV and phenyl-C61-butyric acid methyl ester. The maximum PCE achieved by 
these BHJ devices was 2.9% which was higher by two orders of magnitude compared to their 
planar heterojunction counterparts. Phase separation on the nanoscale was one of the critical 
factors allowing BHJs to achieve high photocurrent density. Further optimization of the film 
morphology is currently the focus of many researchers. One popular strategy is to use solvent 
additives while casting the film.17, 22 1,8-Diiodooctane (DIO), 1,8-octanedithiol, and 
chloronapthalene have all been successfully used to improve the PCE of devices. These are liquids 
with high boiling points, which helps slow down the crystallization of active layer components, 
relative to films cast without additives. Efforts to further optimize the blend morphology of BHJ 
layers are ongoing. The vacuum deposited planar heterojunction is also still a popular area of 
research; however, the work presented in this thesis uses exclusively the bulk heterojunction 
architecture.  
 
Figure 1.9 Charge separation and transfer in an active layer blend of a BHJ. 
1.2.3.2 Interlayers and Electrodes 
Even though the active layer is entirely responsible for harvesting solar energy, the other 
layers and electrodes of a BHJ architecture are also important as they play a major role in 
transporting and collecting charges. The architecture of OPVs was simple in its early period of 
development and consisted of three layers. An active layer was sandwiched between an ITO 
electrode and a thermally evaporated metal electrode. This basic structure was associated with two 
main disadvantages.22 First, the mismatch between the workfunction of the electrodes and the 
frontier orbital energies of the active layer components often led to large energy barriers to charge 
extraction. This diminished both VOC and the FF because of charge accumulation at the electrode-
active layer interfaces. Second, ITO and metal electrodes have poor selectivity towards any 






the shunt resistance and results in lower photocurrent density. Since both hole-conducting and 
electron-conducting domains are in contact with both electrodes because of the uniform generation 
of excitons throughout the active layer, this recombination loss is more evident for the BHJ 
architecture. To fix these two issues, ‘interlayers’ or ‘buffer layers’ are inserted between the active 
layer and the electrodes.23-25 These materials are semiconductors with frontier orbitals tuned to 
selectively transport only a specific charge carrier. For instance, the HOMO of a hole transport 
layer (HTL) must be aligned with the HOMO of the p-type semiconductor of the active layer so it 
can transport the hole. In contrast, the LUMO of the HTL must be higher in energy than the LUMO 
of the n-type material to block electron transport. In a similar way, an electron transport layer 
(ETL) has the LUMO level aligned with the LUMO of the n-type material to allow the passage of 
an electron; however, it has a poorly aligned HOMO level compared to the p-type semiconductor 
to block holes. In addition to properly aligned HOMO or LUMO levels, these materials should 
meet other criteria: (i) providing Ohmic contacts between the electrodes and the active layer, (ii) 
have a sufficient charge carrier mobility to lessen resistive losses, (iii) must be optically transparent 
in the UV-Vis-NIR region to minimize optical losses, (iv) must be chemically inert and stable to 
prevent any unwanted reactions with the active layer and electrodes, and (v) should be able to 
produce mechanically robust films at low cost. Several classes of materials have been reported to 
be used as interlayers, such as conducting polymers, metal oxides, cross linkable materials, 
conjugated polymer electrolytes, self-assembled functional molecules and graphene-based 
materials.26-27 By selecting the right interlayer material, a single electrode material can be used for 
transporting either holes or electrons. For example, ITO can be used both as a hole or electron 
collecting electrode. Based on this adaptability towards charge carrier selection, bulk 
heterojunction architectures can be of two different types: regular and inverted. 
Figure 1.10 depicts the regular architecture of a BHJ. Here ITO acts as the anode to collect 
holes while Al serves as the cathode to collect electrons. To use ITO as the anode, a layer of 
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is used as the HTL.28 
PEDOT is a polythiophene derivative with a high conductivity of 0.2-2 mS/cm used in conjunction 
with the polyelectrolyte PSS to increase its solubility in water. The LiF serves as the ETL and 






electrons to reach the electrode effectively, thereby avoiding recombination at the electrode 
surface. LiF also serves as a barrier to stop the degradation caused by the interaction between 
PCBM and the Al-electrode.29 Since LiF is an electrical insulator with a band gap of 12 eV,30 the 
LiF layer must be thin enough (< 1 nm) to minimize any additional series resistance.29  
 
Figure 1.10 Energy level diagram of an OPV with regular architecture. 
In the inverted architecture, the electrodes are reversed; ITO is used as the cathode, along 
with a high workfunction metal (e.g., Ag) as anode (Figure 1.11). In order to use ITO to collect 
electrons in this architecture, a layer of ZnO serves the role of the ETL. A hole transport layer such 









Figure 1.11 Energy level diagram of an OPV with inverted architecture. 
The work presented in this thesis exclusively uses the regular architecture for OPV 
fabrication. However, it is worth mentioning that the inverted architecture is typically more stable 
than the regular one. The regular architecture suffers from degradation of the ITO anode because 
of etching by the acidic and hygroscopic PEDOT:PSS. Because of the hygroscopic nature of 
PEDOT:PSS, water molecules can also easily infiltrate into the active layer, leading to overall 
device degradation.31 Furthermore, the regular architecture uses low work function metals such as 
Al or Ca as the cathode, which are prone to oxidation in ambient atmosphere. The inverted 
architecture eliminates the use of PEDOT:PSS and uses high work function metals, which makes 
it more stable.  
1.3 Organic Thin-film Transistors 
Soon after their invention by John Bardeen and Walter Brattain at Bell Laboratories in 
1947,32 transistors became a fundamental building block of modern electronic devices. Transistors 
are used to either amplify signals or as on-off switches. The field effect transistor (FET) is one of 
the various types of transistors. In the mainstream semiconductor industry, FETs are essential 
devices for constructing microprocessors, solid-state memories (e.g., DRAM, Flash), graphics 
adapters, mobile communication chips, and active-matrix displays.33 Organic field-effect 
transistors (OFETs) are FETs fabricated with an organic semiconductor.  Similar to OPVs, OFETs 






applications of OFETs in electronics.  Zschieschang et al. showed that OFETs can be incorporated 
on banknotes as an anti-counterfeiting feature.34 OFETs are thinner (< 250 nm) than the thinnest 
silicon-based FETs (~ 20 𝜇m), and work at low voltages (~ 3 V), making it easy to incorporate 
them in banknotes without damaging the paper. In addition, owing to the flexibility of organic 
semiconductors, OFETs can endure repeated crumpling, creasing and sharp folding. OFETs can 
also serve in medical applications. These flexible carbon-based electronic devices can be 
mechanically compliant with biological systems. Hence, this technology is potential to build 
artificial skin for burn victims and develop other prosthetics with tactile sensitivity, which can 
revolutionize cosmetic surgery.35 
1.3.1 Device Physics 
A field effect transistor is a three-terminal device which modulates the current flow between 
two electrodes, namely the source and drain electrodes, with the help of a bias applied to a third 
electrode called the gate electrode. The concept of the FET was first reported in 1930,36 although 
the first successful devices were made later in 1960.37 In this patented architecture, the gate 
electrode was electrically insulated from the conducting channel by a dielectric layer of SiO2. This 
metal-insulator-semiconductor (MIS-FET) is the basic framework of OFETs (Figure 1.12). In this 
framework, the organic semiconductor and the gate electrode are capacitively coupled so that a 
voltage applied on the gate electrode can induce charges at the semiconductor-dielectric interface. 
These charge carriers can easily be drained through the drain electrode by applying another voltage 
between the source and drain electrodes. 
 







The working principle of an OFET can be better explained by an energy-level diagram across 
an ideal semiconductor/insulator interface, presented in Figure 1.13.38 The term ‘ideal’ here means 
that the bands are considered flat with zero applied voltage. The flat band condition at zero applied 
voltage is applicable only when 𝛷N  = IP - 
OP
Q
 (Figure 1.13a), where 𝛷N	is the metal workfunction 
(i.e. the amount of energy needed to remove one electron from the metal to a point in the vacuum). 
𝐸S is the energy band gap of the organic semiconductor. Under these conditions, the system is at 
thermal equilibrium and the Fermi levels are aligned. When a negative voltage (VGS	<	0,	where 
VGS		denotes the voltage applied to the gate electrode with respect to the source electrode) is applied 
to the gate, the Fermi level of the gate electrode (EF(m))	is raised, causing the HOMO and LUMO 
levels of the semiconductor to bend upward near the interface. This results in the accumulation of 
positive charges at the semiconductor-dielectric interface (p-channel transistor) and eventually 
forms a conduction channel between the source and drain electrodes (Figure 1.13b). When a 
negative voltage is applied between the source and drain electrodes (VDS	<	0), the accumulated 
charge is collected by the drain electrode resulting in an electric current (IDS) (Figure 1.13c). The 
transport of negative carriers in this conduction channel is blocked because of mismatch of the 
LUMO of the organic semiconductor and the Fermi level of the metal contact. The transport 
physics in a n-channel transistor can be explained by the same reasoning. With a positive gate 
voltage with respect to the source (VGS	>	0), the frontier energy levels bend downward, which 
results in an accumulation of negative charge (n-channel transistor). This can be drained by 
applying a positive bias (VDS	>	0) on the source with respect to the drain electrode, generating a 
current IDS	(Figure 1.13d,e). The transport of positive carriers in n-channel transistors is blocked 
because of mismatch of the HOMO of the organic semiconductor and the Fermi level of the metal 
contact. As shown in Figure 1.13, it may seem that any organic semiconductor can be used to make 
both n-channel or p-channel transistors by changing the polarity of the applied gate voltage, 
although this is not true in most cases. In OFETs, the source and drain electrodes are in direct 
contact with an intrinsic semiconductor. The conduction of one carrier type is more efficient in 
most cases, depending on the difference in internal reorganization energies of the semiconductor 
and the workfunction of the electrodes relative to the HOMO and LUMO of the semiconductor. 






hundred meV), then that material can be used as either a p-channel or n-channel transistor only by 
varying the polarity of the gate voltage; this is known as an ambipolar transistor. In this case, the 
barrier heights between the HOMO/LUMO of the semiconductor and the Fermi level of the 
source/drain contacts are quite low, allowing balanced and efficient charge transport of both holes 
and electrons. Most organic semiconductors possess a band gap larger than 1.5 eV; therefore 
injection of one type of charge carrier is usually preferred and they are not ambipolar. 
 
Figure 1.13 Energy level diagrams across the semiconductor-dielectric interfaces and along the 
conduction channel of the organic semiconductor - (a) flat band condition (VGS = 0), (b) 
accumulation of positive charge carriers (VGS < 0), and (c) transport of positive carriers from the 
source to drain through organic semiconductor for p-channel transistor, (d) accumulation of 
negative charge carriers  (VGS > 0); (e) transport of negative carriers from the source to drain 
through organic semiconductor for n-channel transistor.  Here 𝜱𝒎	is the metal work-function. The 
IP and EA	 represent the ionization potential and electron affinity of the semiconductor, 
respectively. EF(m) and EF are the Fermi energy level of the gate electrode and the organic 






1.3.2 Device Parameters 
The performance of any OFET is commonly summarized by the following three critical 
parameters:39-40 
Charge carrier mobility (𝝁): The charge carrier mobility is the average charge carrier drift 
velocity per unit applied electric field and describes how fast a charge carrier hops through the 
semiconducting layer. 𝜇 is usually calculated from either of these following two equations 














 Equation 1.5 
𝜇YZ[ is calculated from the linear regime of the plot 𝐼ab vs 𝑉eb where 
jklm,nop
jqrm
 is the slope of the 
plot. L and W are the length and width of the channel, respectively; Cox is the capacitance of the 
insulator per unit area.  
𝜇Ifg  is calculated from the saturated regime of the plot √𝐼ab	vs 𝑉eb where 
j√klm,xyz
jqrm
 is the slope 
of the plot in the saturation regime.  Both of these above equations will be derived and explained 
in the following section. 
Current modulation ratio (ION/IOFF): The current produced between the source and drain 
(IDS) must be extremely low and close to zero when no gate bias is applied, as there should be no 
available mobile charge carriers. This state of the device is known as the ‘off’ state. Similarly, the 
device is ‘on’ when the gate bias is used to induce charges. ION is the IDS at maximal gate bias. 
Ideally, the IOFF should be zero, which renders an infinite current modulation ratio. However, if 
there are a significant number of trap states in the film, these will have to be filled before the 






zero IDS at VGS = 0. Therefore, the ION/IOFF ratio is a measure of purity of the semiconductor and 
its susceptibility towards doping by its surroundings.  
Threshold voltage (VT): VT defines the critical voltage at which the field effect becomes 
operable. Because of a mismatch between the Fermi level of the gate electrode and the 
HOMO/LUMO of the organic semiconductor, the flat band condition is not maintained in reality. 
This generates a potential and leads to band bending to achieve equilibrium. This requires a non-
zero gate voltage to be applied to attain the flat band condition before any charge can be induced. 
This is typically known as the threshold voltage, VT. 
OFETs are typically characterized by two different types of current-voltage (I-V) 
characteristics, commonly known as the output and transfer characteristics (Error! Reference 
source not found.).41 The current response (IDS) as a function of source drain voltage (VDS) swept 
at fixed gate voltages (VGS) is known as the output characteristics (IDS-VDS) of a transistor (Error! 
Reference source not found.a). The current response (IGS) as a function of VGS swept at a fixed 
drain bias (VDS) is called the transfer characteristics (IGS-VGS) of a transistor (Error! Reference 
source not found.b). 
 
Figure 1.14 (a) Example of output characteristics (I vs. VD at a fixed VG); I, VD and VG are 
represented as IDS, VDS and VGS in text, (b) Example of transfer characteristics (I vs. VG). Reprinted 







These characteristics can be compared quantitatively using modeled I-V	 relationships 
derived from Ohm’s law. As per Figure 1.15a, the application of a negative gate voltage 
accumulates an equal number of positive charges at the semiconductor-dielectric interface, 
assuming Ohmic contacts and zero-threshold (VT	= 0) operation.  The charge density is uniform 
across the channel when there is no drain voltage applied (VDS =	0). When a non-zero VDS is 
applied, the accumulated charge density q(x) at a given position x along the channel is proportional 
to the voltage difference [VGS	–	V(x)]	(Equation 1.6): 
𝑞 𝑥 = 𝑛 𝑥 𝑒𝑡 = 𝐶_` 𝑉eb − 𝑉(𝑥)  Equation 1.6 
Here Cox presents the capacitance of the insulator per unit area, n(x) is the number density of 
charges in the channel, e is the fundamental unit of charge, t is the thickness of the charged layer 
in the channel. As mentioned before, a threshold gate voltage (VT) is needed to turn on the field 
effect because of misalignment in the Fermi levels. This modifies Equation 1.6 to Equation 1.7:                                           
𝑞 𝑥 = 𝑛 𝑥 𝑒𝑡 = 𝐶_` 𝑉eb − 𝑉 − 𝑉(𝑥)  Equation 1.7 
At no applied drain-source voltage, the charge density should be uniform. Therefore, V(x) = 0 
when VDS = 0. However, there is a linear gradient in the charge distribution when VDS is non-zero 
but less than VGS.  Given that the gradient is linear, the charge density (qx) gradually decreases on 
going from the left hand side to the right hand side of the conduction channel (Figure 1.15b). 
Hence, the average value of qx for a small value of VDS is 𝐶_` 𝑉eb − 𝑉 − 𝑉(𝑥) , (i.e., the charge 
density (qavg) at the center of the conduction channel). It changes Equation 1.7 to Equation 1.8. 




where navg is the average carrier number density in the channel. To arrive at the I-V relationship of 
a OFET, we can start with Ohm’s law. Ohm’s law states that the current between two points in the 
conduction channel is directly proportional to the voltage across those two points. The constant of 










Now, if we consider the definition of conductivity, the Equation 1.9 changes to 
𝐽ab = 𝜎𝐸ab	 Equation 1.10 
Where 𝐽ab is the current density and 𝐸ab is the electric field between source and drain. 𝜎 is the 
conductivity of the channel. Substituting the value of 𝐽ab and 𝐸ab in Equation 1.10 we get Equation 






Rearranging Equation 1.11 and replacing the value of 𝜎 by 𝑛fS𝑒𝜇, we reach Equation 1.12. 𝜇 is 





Now, substituting Equation 1.8 into Equation 1.12, we get the following relation (Equation 1.13): 
𝐼ab =
𝑊




This is usually written as Equation 1.14: 
𝐼ab =
𝑊




Equation 1.14 shows that the current rises linearly with the gate voltage and quadratically with the 




 can be neglected. Hence, the equation turns into the following (Equation 1.15): 
𝐼ab,YZ[ =
𝑊
𝐿 𝜇YZ[𝐶_` 𝑉eb − 𝑉 𝑉ab 
Equation 1.15 
Equation 1.15 is the standard equation for the ‘linear regime’ and is pictorially depicted in Figure 
1.15b.  
The charge carrier mobilities (𝜇) in the linear region can be extracted from the fundamental 






on how gate voltage (VGS) controls the drain current. Therefore, 𝑔N,YZ[ is a measure of the 






𝐿 𝐶_`𝜇YZ[𝑉ab Equation 1.16 
This derivative can be used to calculate mobilities at a given VDS. Moreover, the composite linear 








Figure 1.15 (a) Architecture of an OFET with relevant voltages, (b) Carrier concentration profile 
along the conduction channel (VGS	–	VT	>>	VDS), (c) Pinch-off voltages when (VGS	–	VT	=	VDS), (d) 
Carrier concentration profile in saturation region (VGS	–	VT		<	VDS). 
Referring back to Figure 1.15b, the channel has a nearly uniform carrier concentration when 
VDS	<<	(VGS	–	VT). When VDS is gradually increased, the charge carrier concentration is no longer 
uniform and gradually decreases from the source to the drain. As VDS is increased, it eventually 
reaches the value (VGS	–	VT)	which pinches the channel. This is pictorially shown in Figure 1.15c 
and the corresponding voltage is called the ‘pinch-off’ voltage. It means there is no potential 
difference available between the drain electrode and the pinched off area of the channel, thus this 






increased, this pinch-off point will only be pushed backward towards the source electrode. Given 
that the length of the device L is much longer than the width of this depletion region, further 
increase in VDS does not afford any additional current as the integrated resistance between the 
pinch-off point and the drain electrode remains unaltered. However, the charge carriers are swept 
across the depletion region to the drain electrode because of high electric field. As the current 
reaches saturation, this regime is called the saturation region (Figure 1.15d). To derive the I-V 
relation of a OFET in this saturation region, VDS	=	(VGS	–	VT) can be substituted in Equation 1.14, 
which yields the following equations (Equation 1.18 and Equation 1.19): 
𝐼ab,Ifg =
𝑊
2𝐿 𝜇Ifg𝐶_` 𝑉eb − 𝑉







𝐿 𝜇Ifg𝐶_`(𝑉eb − 𝑉) 
Equation 1.19 
 
Hence, the slope of a line drawn through the linear part of √𝐼ab vs 𝑉eb is used to calculate 𝜇Ifg in 
the saturation regime (shown in Error! Reference source not found.b). The equation to calculate 
𝜇Ifg is given in Equation 1.6. Equation 1.19 presents the expression of transconductance (𝑔N,Ifg) 
in the saturation regime. Despite the fact that the charge carrier mobility (𝜇) should be 
constant;	𝜇YZ[ and 𝜇Ifg do not always agree. 𝜇Ifg is always higher than 𝜇YZ[ as the contact resistance 
is less pronounced in the saturation regime. The threshold voltage (𝑉) can be determined from the 
intercept of a tangent on the linear part of the plot √𝐼ab vs 𝑉eb (shown in Error! Reference source 
not found.b). 
1.3.3 Device Architecture 
A typical OFET, as previously mentioned, is built using three main components: (a) 
electrodes (gate, source, and drain), (b) a semiconductor layer which serves as a conduction 
channel between the source and drain electrodes, and (c) a dielectric layer that insulates the gate 






on the position of the electrodes. Based on the position of the gate electrode, OFETs can be 
constructed with either a top-gate or bottom-gate architecture. Each of these can be further 
categorized into two more architectures depending on the position of the source and drain 
electrodes, namely top-contact and bottom-contact. The ‘top-gate, top-contact (TGTC)’ 
architecture has organic semiconductor deposited on the substrate first, then source and drain 
electrodes are patterned onto the semiconductor layer (Figure 1.16a). It is followed by the 
deposition of the dielectric and the gate electrode. In the top-gate architecture, when the source 
and drain electrodes are deposited directly on the substrate, followed by the deposition of 
semiconductor layer, it is known as the ‘top-gate, bottom-contact (TGBC)’ design (Figure 1.16b). 
In this structure, the semiconductor layer is sandwiched between the dielectric layer and the 
substrate. As the nomenclature says, in the bottom-gate architecture, the gate electrode is directly 
deposited on the substrate, followed by the dielectric layer. If the semiconductor layer is then 
deposited on the top of the dielectric followed by source and drain electrodes on top, this is called 
a ‘bottom-gate, top-contact (BGTC)’ device (Figure 1.16c). When the source and drain electrodes 
are patterned directly on the dielectric layer, followed by the semiconductor layer on top, the 
‘bottom-gate, bottom-contact (BGBC)’ architecture is formed (Figure 1.16d). 
 
Figure 1.16 Different architectures of OFETs. 
Each of these four architectures has their own benefits and limitations regarding device 






channel is encased within the other layers which increases device stability. In the top-contact 
structures (TGTC, BGTC), the semiconductor is deposited first, followed by deposition of the 
source and drain electrodes using a shadow mask.  The contact resistance is minimized and charge 
carrier mobilities are higher because of intimate contact between the channel and the metal 
electrodes. In contrast, this architecture needs thermal evaporation of the metal electrodes which 
can sometimes damage the organic film. In addition, the vapor phase deposition method presets a 
barrier towards scalability, as the process is energy intensive. In order to construct the bottom-
contact architectures (TGBC, BGBC), the source and drain electrodes are patterned on top of the 
dielectric before the organic layer is printed, which makes the dielectric surface non-uniform. 
Therefore, bottom-contact structures suffer from higher contact resistance and tend to exhibit a 
lower charge carrier mobility. However, the bottom-gate structures, especially the BGBC 
structure, can be readily integrated into low-cost, high throughput manufacturing processes. 
1.4 Early Generations of Organic Semiconductors for OPVs and OFETs 
Despite paving the way for organic electronics, poly(acetylene)1-2 did not have much utility 
in commercial applications. Poly(p-phenylenevinylene) derivatives (PPV)12 were the first 
generation of organic semiconductors to be used in OPVs. In PPV derivatives, phenyl rings are 
connected via vinylene units. The vinylene spacers help to maintain planarity in the polymer 
backbone by reducing the torsional strain between the hydrogen atoms at the ortho positions of 
neighboring phenyl units. MEH-PPV and poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) are two of the most common PPVs, where the long alkoxy 
chains increase the solubility of these derivatives (Chart 1.1). PPVs were used for several crucial 
discoveries in organic electronics. MEH-PPV was used to demonstrate ultrafast photoinduced 
charge transfer from conjugated polymers to fullerene. In that account, Sariciftci et al. found that 
electron transfer from MEH-PPV to fullerene occurs on a picosecond time scale, which is two 
orders of magnitude faster than competing radiative and non-radiative recombination processes.19 
Based on this observation, Sariciftci et al. used MEH-PPV to fabricate the first polymer-fullerene 
solar cells.20 However, the ultimate success of these materials was limited because of their low 
hole mobilities and large bandgaps. Next, poly(thiophene)-based polymers were introduced.42 






reported the synthesis of regioregular poly(3-hexylthiophene) (P3HT) in 1993, which became a 
benchmark p-type material for OPVs (Chart 1.1).43 In addition to a lower band gap, the 
regioregularity of P3HT enhanced the crystallinity of the polymer in the solid-state, which 
increased its hole mobility (µh). However, early OPV devices using P3HT as the p-type material 
did not perform well until it was found that thermal annealing could improve the film morphology 
and polymer crystallinity.44 P3HT remained at the forefront of mainstream OPV research for 
nearly a decade and contributed to much of the early success in this field. The optimization of 
P3HT based devices boosted the device efficiency to over 5%; however, this was not enough to be 
commercially relevant.45-47 Relative to PPVs, P3HT had a narrower band gap; however, it was still 
too large to harvest red and near infrared photons. Moreover, P3HT-based photovoltaic cells also 
suffered from low VOC. The difference between the LUMO of the n-type semiconductor and the 
HOMO of the p-type semiconductor is proportional to the open circuit voltage of the device, and 
a new generation of semiconductors was required with a lower HOMO level than P3HT. This led 
to a search for new materials and an advanced design strategy, namely the donor-acceptor 
structure. Using the donor-acceptor strategy, the frontier molecular orbitals of a semiconductor 
can be easily tuned, bringing more control over the optoelectronic properties of the semiconductor.  
 
Chart 1.1 Structures of common PPV and thiophene-based polymers. 
Unlike in OPVs, early success in the field of OFETs was achieved with molecular 
semiconductors rather than with polymers. Pentacene was used to develop p-channel transistors 
which exhibited a record hole mobility of 0.7 cm2/V·s, as reported by Gundlach and co-workers 
(Chart 1.2).48 This was competitive with the hole mobility of hydrogenated amorphous silicon (0.5 
cm2/V·s), which was the commercially used material to fabricate liquid crystal displays.48 This 






OFETs; however, these materials were always associated with the issues of insolubility and air-
stability.49 Several other families of oligomers such as oligothiophenes and oligoselenophenes 
have been employed in OFETs and have been useful as p-channel transistors.50-51 Macromolecules 
have also been used to fabricate OFETs and have produced appreciable hole mobilities. 
Polythiophenes were one of the first families of polymers incorporated in OFETs. As seen in 
OPVs, regioregular P3HT exhibited a significantly higher hole mobility (0.05-0.1 cm2/V·s) than 
regiorandom P3HT.52  The enhanced coplanarity because of the regioregularity of the P3HT 
increased the extent of p-conjugation along the polymer backbone and formed well-ordered 
domains beneficial for charge transport. To further improve the charge carrier mobility, 
McCulloch and coworkers synthesized poly(2,5-bis(3-alkylthiophen-2-yl)thieno-[3,2-b]thiophene 
(pBTTT) (Chart 1.2). The incorporation of the fused thieno-[3,2-b]thiophene unit introduced 
rotational invariance in the polymer backbone, which further helped in forming highly ordered 
crystalline domains. pBTTT exhibited an excellent hole mobility of 1.1 cm2/V·s.53-54 
 
Chart 1.2 Structures of pentacene and pBTT. 
In contrast to p-type semiconductors, the number of n-type semiconductors with a high 
electron mobility (µe) is relatively limited. Fullerenes were the first organic materials to exhibit 
appreciable electron mobility when employed in OFETs, but were not air-stable.38 The first air 
stable n-channel OFET was developed by Bao and co-workers using 
hexadecafluorocopperphthalocyanine.55 The next major advancement towards air-stable n-channel 
OFETs with appreciable electron mobility was reported by Jones and co-workers when they 
synthesized bis(2,2,3,3,4,4,4-heptafluorobutyl)-dicyano-perylene tetracarboxylic diimide (PDI-
FCN2) (Chart 1.3).56 This perylene diimide derivative had a record electron mobility of 0.64 
cm2/V·s in air. Progress towards polymers with high electron mobilities has been relatively slow 






synthesize poly(benzobisimidazobenzophenanthroline) (BBL) which demonstrated a field-effect 
electron mobility as high as 0.1 cm2/V·s (Chart 1.3).57-58 Within five years of this report, another 
major breakthrough was reported by Chen et al. when they synthesized the polymer poly{[N,N9-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-
bithiophene)},(P(NDI2OD-T2) (Chart 1.3), and achieved a record mobility of 0.85 cm2/V·s.59 
Numerous efforts have been made to develop different classes of small molecules and polymers 
for both p-channel and n-channel transistors, and this work has been reviewed in multiple 
accounts.38, 60-62 More recently donor-acceptor semiconductors63, have been employed in OFETs. 
The donor-acceptor design strategy was expected to lower the bandgap and lead to ambipolar 
OFETs. 
 
Chart 1.3 Structures of molecular and polymer semiconductors exhibited outstanding charge 
carrier mobility when incorporated in OFETs. 
1.4.1 Donor-Acceptor Structures  
Donor-acceptor (D-A) semiconductors are comprised of alternating electron-rich (donor) 
subunits and electron-deficient subunits (acceptor) (Chart 1.4). Since the frontier molecular 
orbitals of a donor are higher in energy compared to an acceptor, the orbital mixing between donor 
and acceptor is limited. Owing to this partial isolation of the frontier orbitals, the HOMO of the 
organic semiconductor is primarily localized on the donor unit, while the LUMO resides on the 
acceptor unit. This means that the HOMO and LUMO can be tuned separately. Given the fact that 






is lower in energy than the LUMO of the donor unit, donor-acceptor materials typically produce a 
lower HOMO-LUMO gap than the parent donor and acceptor units. The energy gap is usually low 
enough in most donor-acceptor semiconductors to harvest near-infrared photons (Figure 1.17). In 
addition, when the HOMO-LUMO gap is small, the semiconductor can potentially conduct both 
holes and electrons when used in a OFET. Therefore, the donor-acceptor structure is an ideal 
design for producing ambipolar transistors. Given the partial localization of the frontier molecular 
orbitals, an electronic transition from HOMO to LUMO is usually associated with a degree of 
charge transfer character (i.e., a large transition dipole moment). This greatly enhances the optical 
extinction coefficient of the semiconductor, which in turn results in higher photocurrents when 
incorporated in photovoltaic devices. Although this partial isolation of the frontier orbitals 
positively impacts many semiconductor properties, complete isolation of the orbitals would greatly 
diminish the orbital overlap integral because of poor overlap between the HOMO and LUMO.  
 
Chart 1.4 Donor-Acceptor molecular (HB194, based on merocyanine dye)64 and polymer (a 
copolymer of diaminothiophene and dinitrothiophene)65 semiconductors. 
 






1.4.2 Benchmark Examples of the D-A Structure 
The donor-acceptor strategy was first elucidated by Tour et al. in 1997 when they developed 
a copolymer of 3,4-diaminothiophene and 3,4-dinitrothiophene which had an optical band gap of 
1.3 eV.65 However, D-A structures were not popularized until 2006.66 Leclerc and co-workers 
synthesized poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)] (PCDTBT) utilizing N-alkyl-2,7-carbazole as donor units and benzothiadiazole 
as the acceptor unit (Chart 1.5).67 PCDTBT has an electrochemical bandgap of 1.87 eV, and the 
deeper HOMO level centered on the carbazole unit led to a high VOC of 0.9 V. It exhibited a power 
conversion efficiency of 3.6% with PC61BM in photovoltaic devices. Although it did not 
outperform P3HT:PCBM devices initially, Park et al. incorporated PCDTBT in OPVs with [6,6]-
phenyl C71 butyric acid methyl ester (PC71BM) as the n-type material and achieved an efficiency 
of 6.1%.68 The phase separated blend of PCDTBT and PC71BM produced a longer and better 
connected polymer network which improved the charge carrier mobility. The optimized 
morphology of the active layer and the higher absorption of PC71BM compared to PC61BM 
enhanced the JSC, resulting in a higher PCE. 
 






As another example, Muhlbacher et al. developed the p-type copolymer poly[2,6-(4,4-bis-
(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] 
(PCPDTBT) utilizing cyclopentadithiophene as the donor unit and benzothiadiazole as the 
acceptor unit (Chart 1.5).66 The estimated electrochemical bandgap was 1.73 eV and the solid state 
absorption strongly tailed up to 900 nm. PCPDTBT exhibited a PCE of 3.2% in photovoltaic 
devices when blended with PC61BM. Hou et al. subsequently reported its hole mobility as 0.17 
cm2/V·s and speculated the lower reorganization energy of the fused ring thiophene derivatives 
led to better morphology, facilitating charge hopping.69 The photovoltaic performance was further 
optimized by Schulz et al. using a PCPDTBT derivative where one of the hydrogen atoms of the 
benzothiadiazole was replaced by a fluorine atom (F-PCPDTBT) (Chart 1.5). The electronegative 
F-atom lowered the LUMO level of the polymer. This increased the open circuit voltage when 
incorporated in OPVs. Reduced geminate recombination also increased the FF and JSC, leading to 
a PCE of 6.6%.70 
Because of their unique advantages, donor-acceptor molecular semiconductors emerged in 
parallel with their polymer counterparts. These semiconductors have a well-defined molecular 
structure, definite molecular weight and high purity without batch to batch variations. The 
merocyanine dye HB194 was among the first molecular semiconductors exhibiting a PCE over 
6%, as reported by Steinmann and co-workers (Chart 1.5).64 The strong dipolar character and high 
polarizability of the merocyanine dye produced a high absorption coefficient, which is reflected in 
the remarkably high JSC of the photovoltaic devices.  Another classic p-type molecular 
semiconductor is 5,5′-bis{(4-(7-hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-
c]pyridine}-3,3′-di-2 ethylhexylsilylene-2,2′-bithiophene, (DTS(PTTh2)2), where the 
[1,2,5]thiadiazolo[3,4-c]pyridine unit was incorporated as the acceptor building block in 
conjunction with a dithienosilole donor unit (Chart 1.5). The estimated bandgap was 1.5 eV. Two 
acceptor units were strategically added to both sides to deepen the HOMO of the molecule, 
resulting in a high VOC when used in OPV devices. In a blend with PC71BM, DTS(PTTh2)2 showed 
a PCE of 6.70%. 
Since this strategy was proven successful, the synthesis of new donor and acceptor building 






numerous other examples of DA semiconductors and a comprehensive review is beyond the scope 
of this thesis. Chart 1.6 presents some examples of commonly used donor and acceptor units. As 
discussed previously, dithienosilole and carbazole units have frequently been used and have 
resulted in remarkably high device performance, but the majority of donor units are structurally 
based on the thiophene skeleton and include oligothiophenes, thienothiophenes, 
benzodithiophenes, and dithienocylopentadiene. 
 
Chart 1.6 Common donor (top row) and acceptor (bottom row) units used as building blocks to 
develop organic semiconductors. 
In contrast to donors, acceptor building blocks are based on functional groups such as amides 
and imides or electronegative heteroatoms like nitrogen and fluorine. Widely used examples 
include naphthalene diimide, perylene diimide, benzothiadiazole, diketopyrrolopyrrole, and 
isoindigo. The strongly electron deficient napthalene and perylene dimide materials are typically 
n-type semiconductors, while benzothiadiazole, diketopyrrolopyrrole, and isoindigo have been 
used to develop both p-type and n-type materials. This thesis is particularly focused on 
semiconductors based on the isoindigo acceptor unit and materials based on other acceptor units 
have been reviewed elsewhere.22-23, 71-80 
All of these donor and acceptor units have been used to develop new organic 






Therefore, fullerene derivatives predominantly served as the n-type component of OPV active 
layers for a long time. The highest PCE based on fullerene derivatives is 11.5% as certified by 
Newport Corporation.81 The primary challenges of fullerene-based solar cells are the following. 
First, owing to the high symmetry of fullerenes, they exhibit exceptionally weak absorption in the 
visible and NIR regions.82 Because of the weak complementary absorption of fullerenes, charge 
carriers are generated only from the p-type semiconductor, limiting the JSC.83 Second, the HOMO-
LUMO gap of these materials cannot be easily tuned without changing the core structure of C60 or 
C70.  Third, the fullerenes easily crystallize to form nano-sized domains which tend to grow larger 
with time. This diminishes the long-term stability of OPVs.84-85  As a result of these limitations, 
intensive research efforts have been dedicated to develop non-fullerene n-type materials to replace 
fullerene acceptors and push the PCE limit over 12%. The recent discovery of non-fullerene 
systems over the last few years has revolutionized the field of organic electronics, especially 
organic photovoltaics.86-88 Owing to the broad absorption spectrum, high absorption coefficient, 
and high charge-carrier mobility of a new non-fullerene n-type material, a record PCE of 15.7% 
has been reported.89 This is the highest efficiency of a single-junction OPV device. The work 
described in this thesis was started in late 2013, focusing on the development of novel donor-
acceptor semiconductors based on modified isoindigo structures. Hence, a thorough review of 
these non-fullerene n-type semiconductors, which are revolutionizing organic photovoltaics, is 
again beyond the scope of this thesis and has been accomplished elsewhere.90-92 
1.5 Isoindigo-based D-A Organic Semiconductors 
Indigo is one of the oldest natural dyes used in the textile industry. The structure of isoindigo 
was first established by Von Bayer at the end of the 19th century. Isoindigo is a structural isomer 
of indigo, found in the leaves of Isatis tinctoria as a minor byproduct alongside other indigoid dyes. 
It is a dimer of oxidized indole derivatives where the two units are connected via an exocyclic 
double bond (Chart 1.7). Electron deficient lactam units of isoindigo made it a potential acceptor 
unit for organic semiconductor.  Isoindigo can be synthesized in near quantitative yield from 6-
bromoisatin and 6-bromooxindole. This yields 6,6′-dibromoisoindigo, where the bromine 
substituents are used as a synthetic handle to covalently connect additional units using Pd-






can be readily alkylated using alkyl halides and K2CO3 in N,N′-dimethylformamide (DMF), greatly 
improving its solubility. In addition to these synthetic advantages, isoindigo based semiconductors 
exhibits a broad absorption spectrum ranging over UV-Vis-NIR region. Since 2010, isoindigo has 
become a popular acceptor unit for both donor-acceptor molecular and polymeric semiconductors. 
 
Chart 1.7 Structure of isoindigo and 6,6′-dibromoisoindigo. 
1.5.1 Isoindigo-based Molecular Organic Semiconductors 
Molecular semiconductors have several potential advantages over their polymer 
counterparts, such as more reproducible syntheses and compatibility with column chromatography 
and recrystallization techniques for purification (compared to the time intensive Soxhlet 
purification of polymers). Given the synthetic reproducibility of molecular semiconductors, their 
device performance is much more consistent when compared to polymers, which suffer from large 
batch to batch variations. Several isoindigo-based molecular semiconductors have been 
synthesized and studied. The optoelectronic properties and device performances of the 
semiconductors reviewed in this section are tabulated in Table 1.1. Reynolds et al. were the first 
to incorporate isoindigo in donor-acceptor molecular semiconductors; they synthesized two 
molecules, one with a donor-acceptor-donor (1) and one with an acceptor-donor-acceptor structure 
(2) (Chart 1.8).93 Both molecules possess a low HOMO level, which was essential to achieving a 
high VOC in OPVs. Compounds 1 and 2 were used as the p-type semiconductor in OPVs, alongside 
PC61BM as the n-type material. They exhibited PCEs of 1.76%, and 0.55%, respectively. Poor FF 
and relatively low JSC were responsible for the poor photovoltaic performance. Following this 
initial report, Reynolds and co-workers found that polydimethylsiloxane (PDMS), when used as a 
macromolecular additive, can boost the PCE of OPVs with the 2:PC61BM system.94 The additive 






reaching a donor:acceptor interface and dissociating, thus increasing the JSC. The PCE increased 
to 2.15% upon addition of 0.1 mg/mL PDMS as an additive. Reynolds et al. further developed two 
tailor-made additives (3 and 4), which are molecules sharing the same molecular structure as the 
donor, but with a slight variation in the structure.95 The two additives had the hexyl group on the 
bithiophenes replaced with a bulky triisobutylsilyl group. The bulky end group of the additive 
molecule limited crystal growth, resulting in a morphology with smaller domains. The OPVs with 
a singly-substituted additive (3) exhibited a PCE of 2.24% compared to 1.30% without any 
additives. 
 







Table 1.1 Optoelectronic properties, hole mobility, and OPV performance of isoindigo-based 
molecular semiconductors 1-18. 
 
aHOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry 
experiments, calibrated against Fc+/Fc. bDevice parameters of best performing devices. cAverage 
device performance, dHole mobilities measured using the single carrier devices based on space 
charge limited current (SCLC) method, all others are measured by incorporating the semiconductor 































1 -5.60 -3.90 1.80 1.67 - 0.74 6.3 38 1.76 93 
2 -5.60 -3.80 1.89 1.76 - 0.66 2.4 36 0.55 93 
1 - - - - - 0.77 6.82 41 2.16 94 
1 - - - - 1.7d × 10-5 0.82c 6.14c 45c 2.24c 95 
5 -5.47 -3.60 1.87 1.81 1.4 × 10-2 0.35 0.003 25.8 0.003 96 
6 -5.11 -3.57 1.54 1.70 3.6 × 10-2 0.93 6.58 42.8 2.60 96 
7 -5.10 -3.63 1.47 1.60 9.7 × 10-4 0.87 8.21 43.3 3.20 96 
8 -5.47 -3.61 1.86 1.80 1.4 × 10-3 0.55 0.21 20.4 0.04 96 
9 -5.26 -3.62 1.64 1.77 3.2 × 10-5 0.12 0.002 28.0 0.002 96 
10 -5.39 -3.92 1.47 1.54 - 0.72 6.03 32.5 1.41 97 
11 -5.33 -3.62 1.71 1.58 3.44c × 10-5 0.83 3.29 51 1.39 98 
12 -5.52 -3.61 1.91 1.62 1.86c × 10-5 0.98 1.60 50 0.78 98 
13 -5.56 -3.59 1.97 800 3.66c × 10-3 0.95 4.46 45 1.92 98 
14 -5.56 -3.82 1.55 850 - 0.86 11.75 58 5.62c 99 
15 -5.56 -4.07e - 1.59 - 1.05 2.36 56.1 1.39 100 
16 -5.79 -4.21e - 1.58 - 0.74 0.85 37.3 0.23 100 
17 -5.60 -3.69e - 1.91 - 1.06 0.68 38.4 0.28 100 






Lee et al. have also reported donor-acceptor-donor small molecules (5-9) using thiophene-
based donors and isoindigo as the acceptor (Chart 1.9).96 The absorption band corresponding to 
the lowest energy transition gradually red-shifts and the optical band gap decreases as the number 
of thiophene rings increases. This was attributed to the extended p-conjugation, which also caused 
strong p-p stacking of the conjugated backbone. Among these five materials (5-9), compound 7 
with PC71BM exhibited the highest PCE of 3.2% when the active layer was cast with 0.1% DIO. 
OFETs were also fabricated to measure the charge carrier mobilities of these five semiconductors. 
All of them showed p-type behavior and 6 showed the highest hole mobility of 3.6 × 10-2 cm2/V·s, 
which resulted from the efficient p-p stacking of the conjugated backbone. With increasing 
conjugation, compound 7 was expected to show the highest hole mobility; however, its poor 
solubility in organic solvents led to an unfavourable morphology and reduced performance. Yang 
and coworkers also synthesized a molecule (10) similar to 7, where thienothiophene was used as 
a part of the donor unit. The incorporation of a fused thiophene system increased the planarity and 
rigidity of the backbone to better extend the conjugation. 10 was the first isoindigo-based 
semiconductor used to fabricate solar cells with an inverted architecture. The devices made using 
10:PC61BM exhibited a poor PCE (1.41%) because of a poor morphology; however, the band gap 








Chart 1.9 Isoindigo-based molecular semiconductors, 5-10. 
Tomassetti et al.  also used a similar p-extended structure in their comparison of linear (11) 
and branched semiconductors (12 and 13) (Chart 1.10).98 These  three new molecules had isoindigo 
as the central unit, which was connected to either a linear or branched thiophene oligomer chain. 
The terminal thiophene units of the oligomer chain were connected to cyanoacrylate esters to 
develop an acceptor-donor-acceptor motif. The optical band gaps of all semiconductors were quite 
low, in the range of 1.55-1.62 eV. The photovoltaic performance of these molecules in blends with 
PC61BM was studied. The highest PCE was shown by the linear molecule 11 when the active layer 
was solvent annealed with dichloromethane to optimize the morphology. The solvent annealing 
led to smaller domain sizes, which produced a higher photocurrent when compared to the branched 
counterparts. The field effect mobility was also measured and 11 again exhibited the highest hole 
mobility. The linear structure of 11 afforded optimal crystallinity that produced the highest hole 






two diketopyrrolopyrrole moieties to achieve an acceptor-acceptor-acceptor motif. Owing to the 
electron deficient character of both isoindigo and diketopyrrolopyrrole, 14 had a deep HOMO (-
5.52 eV) with an optical band gap of 1.46 eV.99 The HOMO primarily resided on the isoindigo 
unit, while the LUMO was centered on the diketopyrrolopyrrole, as it is more electron deficient 
than isoindigo. Despite having an acceptor-acceptor-acceptor structure, 14 served as a p-type 
semiconductor when incorporated in photovoltaic devices in a blend with PC71BM. These devices 








Chart 1.10 Isoindigo-based molecular semiconductors, 11-14. 
In order to replace fullerene derivatives in OPVs, Cao and co-workers synthesized four new 
n-type molecular semiconductors (15 - 18) with an acceptor-donor-acceptor structure (Chart 
1.11).100 All four molecules had the isoindigo unit as the acceptor with four different donor units:  






materials were between 3.69 - 4.21 eV, making them comparable to fullerene derivatives. Solar 
cells were made with these semiconductors using P3HT as the typical donor material. Owing to a 
combination of high VOC (1.05 V) and a higher JSC (2.36 mA·cm-2), the P3HT:15 blend exhibited 
the highest PCE of 1.39%. The high-lying LUMO of 15 resulted in a high VOC; the broad 
absorption, excellent planarity, and rigid core of 15 contributed to its higher photocurrents in OPVs 
compared to other three materials.  
 
Chart 1.11 Isoindigo-based molecular semiconductors, 15-18. 
1.5.2 Isoindigo-based p-type Polymers 
Polymer semiconductors also have several unique advantages over their molecular 
counterparts. p-Conjugated molecules tend to self-aggregate, which results in over-crystallization. 
This often produces larger domains in the active layer, which in turn causes inefficient exciton 
dissociation, leading to a poor JSC in OPVs. In contrast, polymer films typically exhibit a mix of 
ordered and amorphous regions, preventing over-crystallization. In addition, thin films of 
conjugated molecules often have pin-holes and cracks, which hinder charge transport, whereas the 
quality of polymer films tends to be much higher. The carrier mobility is also often higher in 






from molecule to molecule.101 The application of isoindigo in organic electronics started with 
molecular semiconductors; however, isoindigo-based polymers have developed in parallel with 
molecular materials. An extremely large number of different donor-acceptor polymers have been 
reported to serve as p-type semiconductors. These polymers have been comprehensively reviewed 
elsewhere, 102-105 hence, this section focuses on only a selected number of polymers which have 
performed well in devices. Thiophene and oligothiophenes were the simplest donor units with 
which to start exploring isoindigo-based (D-A) polymers. In 2011, Wang et al. synthesized a low 
band gap (Eg = 1.6 eV) copolymer (19) using isoindigo as the acceptor and thiophene as the donor 
unit (Chart 1.12).106 The device fabricated with 19/PC71BM blend and 2.5% (wt.) DIO exhibited a 
PCE of 3.0%, with a high open-circuit voltage of 0.89 V. The devices were further optimized by 
Ma et al. where they replaced PC71BM with PC61BM, and achieved a PCE of 4.5%.107 The 50% 
increase in the PCE was because of the enhanced photocurrent resulting from a more favorable 
morphology as PC61BM had a better miscibility with 19. To further improve the JSC exhibited by 
19, Wang et al. extended the conjugation length of the donor unit by replacing the thiophene unit 
with alkylated terthiophene (20).108 The extended conjugation in 20 was expected to enhance the 
weak intensity of the high energy absorption bands in 19, which would result in a higher JSC in 
OPVs. Given the enhanced p-p stacking of polymer backbone arising from the increased planarity 
of the terthiophene unit, the optical band gap of the polymer was further lowered to 1.5 eV. This 
increased the JSC, which led to an increased PCE of 6.3% when blended with PC71BM. Inspired 
by this work, Ho et al. synthesized a series of polymers (21-23) using longer oligothiophenes along 
with 20 as a reference.109 The intensity of the high energy absorption bands increased gradually 
with an increasing number of thiophene rings, and the HOMO levels were also raised because of 
the extended conjugation. The photovoltaic performance of these polymers when blended with 
PC71BM was interesting. The average PCE (6.52%) of 20 was on par with the previous report. 
Although the extended conjugation length and enhanced planarity of 21 increased the JSC, the 
overall PCE was only 5.83%. The lower efficiency was attributed to an unfavourable morphology 
caused by the poor solubility of 21. In contrast, 22 produced a lower photocurrent, which resulted 
in a lower PCE of 3.85%. The morphology of 22 in the active layer was predominantly amorphous, 
which imparted a poor hole mobility, lowering the PCE. The highest PCE (7.06%) among these 






23:PC71BM active layer resulted in a higher JSC and FF, which in turn produced a higher PCE. Hu 
et al. synthesized isoindigo-quaterthiophene polymers (24-26) and studied the effect of fluorine 
atoms when substituted on either the donor unit (quaterthiophene) or acceptor unit (isoindigo).110 
Polymers 25 and 26 had a lower HOMO level compared to 24 because of the electron withdrawing 
F-atom on the polymer backbone. The polymer:PC71BM blend was used to fabricate photovoltaic 
devices using an inverted architecture. Both 25 and 26 showed a higher JSC and FF in comparison 
with the non-fluorinated parent polymer 24. Moreover, the fluorination on the donor unit appeared 
to be more effective; 25 showed temperature dependent aggregation which helped to achieve 
optimal crystallinity and increase the hole mobility. A PCE of 6.7% was achieved with the 















Table 1.2 Optoelectronic properties, hole mobility, and OPV performance of isoindigo-based p-
type polymer semiconductors 19-45 
aHOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry 
experiments, calibrated against Fc+/Fc. bAverage device performance. cDevice parameters of best 
performing devices. dHole mobilities measured using the single carrier devices based on SCLC 
method, all others are measured by incorporating the semiconductor in OFETs. eLUMO energy 





























19 -5.85 -3.88 1.97 1.59 - 0.89c 5.4c 63c 3.0c 106 
19 - - - - - 0.91c 9.1c 0.54c 4.5c 107 
20 -5.82 -3.83 1.99 1.50 - 0.70c 13.1c 69c 6.3c 108 
20 -5.49 -3.90e - 1.59 3.68d × 10-5 0.73 13.8 63.61 6.39c 109 
21 -5.48 -3.90e - 1.58 3.17d × 10-4 0.76 13.5 57.9 5.96c 109 
22 -5.44 -3.86e - 1.58 2.80d × 10-5 0.72 8.3 61.8 3.65c 109 
23 -5.37 -3.80e - 1.57 8.93d × 10-5 0.71 15.7 63.9 7.10c 109 
24 -5.18 -3.67e - 1.50 6.4d× 10-4 0.73 10.3 47.1 3.5c 110 
25 -5.30 -3.78e - 1.52 3.4d × 10-3 0.83 13.3 60.9 6.7c 110 
26 -5.28 -3.77e - 1.50 2.0d × 10-3 0.73 11.4 54.8 4.6c 110 
27 -5.65 -3.78 1.87 1.59 1.06 - - - - 111 
28 -5.56 -3.79 1.77 1.56 0.66 - - - - 111 
29 -5.84 -3.77 2.07 1.66 0.48 - - - - 111 
30 -5.90 -3.75 2.15 1.69 0.32 - - - - 111 
31 -5.70 -3.73 1.97 1.55 0.34 - - - - 111 
32 -5.54 -3.78 1.76 1.54 0.11 - - - - 111 
33 -5.80 -3.81 1.99 1.58 0.019 - - - - 111 
34 -5.48 -3.70 1.78 1.58 0.061 - - - - 111 
35 -5.44 -3.72 1.73 1.55 1.03 × 10-3 - - - - 111 
36 -5.55 -3.70 1.85 1.65 1.35 × 10-4 - - - - 111 
37 -5.38f -3.76e - 1.62 0.79 - - - - 112 
38 -5.20f -3.59e - 1.61 2.48 - - - - 112 
39 -5.45 -3.96 1.49 1.48 - 0.80 11.6 43.0 3.5 113 
40 -5.33 -3.85 1.48 1.47 - 0.79 9.7 46.9 3.0 113 
41 -5.31 -3.88 1.43 1.42 - 0.73 8.2 44.5 2.2 113 
42 -5.24 -3.89 1.35 1.37 - 0.66 10.1 50.2 2.6 113 
43 -5.55 -3.95 1.60 1.54 - 0.77 10.5 50 4.01 114 
44 -5.70 -3.61 2.09 1.80 0.004 0.63 1.02 45 0.29 115 






The planarity and strongly electron deficient nature of isoindigo encouraged Pei and 
coworkers to design and synthesize ten isoindigo-based polymers containing thiophene and 
selenophene donor units for OFET applications.111  The idea of molecular docking was used to 
design and study the structure-property relationship of the polymers. As per the proposed model, 
when the donor unit was sterically unencumbered it could easily dock into the cavity created by 
the large isoindigo core. Two types of donor units were used: polymers 27-32 had centrosymmetric 
donor units, while the donor units in polymers 33-36 were axisymmetric (Chart 1.13). The 
centrosymmetric donor units were shown to promote p-p stacking because of their linear structure; 
therefore, the sterically free donor units docked into the isoindigo cavity fairly well, resulting in a 
higher hole mobility. In contrast, the axisymmetric donor units created a zigzag backbone which 
inhibited molecular docking and lowered the hole mobility. The polymers with centrosymmetric 
donor units showed hole mobilities over 0.1 cm2/V·s, while those with axisymmetric donor units 
had hole mobilities between 10-2 and 10-3 cm2/V·s. Instead of varying the donor unit, Bao et al. 
synthesized isoindigo-bithiophene copolymers (38) with different alkyl chains substituted on the 
lactam nitrogens of isoindigo. The n-hexyl chain had siloxane terminating groups.112 This polymer 
was shown to have a significantly higher hole mobility (2.48 cm2/V·s) than the reference polymer 
(37). The increase in the hole mobility was attributed to a shorter p-p stacking distance in 38 (3.58 








Chart 1.13 Isoindigo based polymer semiconductors, 27-38. 
Isoindigo was also paired with thiophene derivatives such as cyclopentadithiophene, and 
dithienosilole. In these two donor units, p-conjugation is extended over two thiophene rings while 
the presence of a bridging atom (such as carbon in cyclopentadithiophenes or silicon in 
dithienosilole) helps to planarize the polymer backbone. Ho et al. copolymerized isoindigo with 
cyclopentadithiophene, producing a series of four low band gap polymers (39-42) (Chart 1.14).113 
Combinations of n-octyl and branched 2-ethylhexyl chains were used on the acceptor and donor 
units, for a total of four possible combinations. The linear n-octyl chain was shown to promote 
intermolecular p-p interactions, as compared to the branched 2-ethylhexyl chain. This enhanced 
intermolecular interaction gradually raised the HOMO level as the number of n-octyl chains was 
increased from 39 to 42.  All polymers were incorporated in photovoltaic devices with PC61BM. 






which resulted in an optimal phase separation.  This resulted in a higher JSC. In addition, the deep 
HOMO of 39 (resulting from its branched side chains) led to a higher VOC compared to the other 
three polymers, therefore, 39:PC61BM exhibited the highest PCE of 4.0%. Isoindigo was 
copolymerized with dithienosilole by Stalder et al., and the resulting polymer (43) absorbed 
strongly in the visible and NIR region with an optical band gap of 1.54 eV, as calculated from the 
onset of absorption (805 nm).114 Dithienosilole is a weak donor resulting in a deep HOMO (-5.55 
eV). The copolymer was blended with PC71BM to serve as the active layer in solar cells with a 
regular architecture. Consistent with the deep HOMO, a high VOC of 0.86 V was achieved. This 
report was again a good example where the role of a processing additive was critical. Without any 
additives, 43:PC71BM only exhibited a PCE of 1.45% because of a low JSC. The large domain sizes 
limited the donor-acceptor interfacial area, and exciton dissociation was not efficient enough to 
produce a large photocurrent. After processing the active layer with 4% DIO, the domain size was 
much smaller, which enhanced the JSC from 2.82 mA/cm2 to 10.49 mA/cm2 and resulted in a PCE 
of 4.01%.  
 
Chart 1.14 Copolymers of isoindigo with cyclopentadithiophene (39-42), dithienosilole (43), 
napthalene (44), and anthracene (45). 
As mentioned in section 1.4, early success in the field of OFETs was achieved using acenes, 
as the planar structure of fused acenes is ideal for charge transport. Owing to their rigid and planar 






Both polymers had a wide absorption ranging from 300 - 700 nm with optical band gaps of 1.80 
and 1.75 eV, respectively. Given the extended conjugation in anthracene as compared to 
napthalene, 45 appeared to aggregate more in the solid state, with a shorter p-p stacking distance. 
These two polymers were used to fabricate OFETs using a bottom gate, top contact architecture. 
The measured hole mobilities were 0.003 and 0.013 cm2/V·s for 44 and 45, respectively. 45 
exhibited a higher hole mobility because of its shorter p-p stacking distance. The photovoltaic 
performance of these polymers followed the same trend as well. In a blend with PC71BM, 45 
demonstrated a PCE of 1.13% when processed with chloronapthalene as an additive. As opposed 
to 44, the higher hole mobility of 45 produced a higher JSC, resulting in a higher efficiency. 
1.5.3 Isoindigo-based n-type Polymers 
The majority of isoindigo-based polymers reported to date are p-type semiconductors; 
however, there have been a few n-type materials as well. The homopolymer of isoindigo (46) and 
the copolymer of isoindigo with benzothiadiazole (47) were the first two isoindigo-based n-type 
polymers. Reynolds and co-workers again were the pioneers in developing isoindigo-based n-type 
semiconductors.116 The electrochemical reduction of 46 was more stable and reversible compared 
to 47. The homopolymer 46 also had a deeper LUMO (-3.9 eV), which matched well with the 
commonly used n-type material PC61BM (-4.2 eV). Based on the electrochemical reversibility of 
46 and because its LUMO energy was a closer match to PC61BM, it was incorporated in solar cells 
with the prototypical p-type material P3HT. Although 46 had an onset of absorption over 700 nm, 
the photovoltaic performance was poor, producing a maximum PCE of 0.47% because of the low 
JSC (1.91 mA·cm-2). The poor electron mobility caused by a high torsion angle between 
neighboring isoindigo units was thought to limit the photocurrent of the devices. This report 
motivated Grenier et al. to synthesize a series of polymers (48-50) using isoindigo and three 
different electron deficient units: 5-octylthieno[3,4-c]pyrrole-4,6-dione, 5,5′-dioctyl-1,1′-4H-
bithieno[3,4-c]pyrrole-4,4′,6,6′ (5H,5′H)-tetrone (BTPD), and 3,6-bis(thiophen-2-yl)-2,5-bis(2-
octyldodecyl)pyrrolo[3,4-c]-pyrrole-1,4-dione.117 All of the polymers had a LUMO energy 
between -4.0 and -4.2 eV. Although this was on par with the fullerene derivatives, the photovoltaic 
performance of these polymers was not explored in this work. Instead, the field-effect electron 






a better packing in the solid state, which resulted in the highest electron mobility (3.5 × 10-3 
cm2/V·s) among the three polymers studied. 
 
Chart 1.15 Isoindigo-based n-type polymers (46-50).  
Table 1.3 Optoelectronic properties, electron mobility, and OPV performance of isoindigo-based 
n-type polymer semiconductors 46-50. 
aHOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry 
experiments, calibrated against Fc+/Fc. bDevice parameters of best performing devices. cAverage 
performance. dHole mobilities measured using the single carrier devices based on SCLC method, 
all others are measured by incorporating the semiconductor in OFETs. eHOMO energy estimated 




























46 -5.54e -3.84 - 1.70 3.7c,d × 10-
7 
0.62 1.91 41 0.47 116 
47 -5.67e -3.90 - 1.77 - - - - - 116 
48 -6.0 -4.2 1.80 1.72 3.0 × 10-4 - - - - 117 
49 -6.1 -4.2 1.90 1.75 3.5 × 10-3 - - - - 117 






1.6 Semiconductors with Modified Isoindigo Structures 
In the early research on isoindigo, briefly discussed in section 1.5, isoindigo was always 
combined with readily available donor units; however, the primary isoindigo structure was not 
modified. Since 2012, numerous efforts have been made to modify the structure of isoindigo. 
These modified isoindigo derivatives can be classified into four different sections - halogenated 
isoindigos, isoindigos substituted with heterocycles, peripherally ring-fused isoindigos, and 
isoindigos with expanded cores. 
1.6.1 Halogenated Isoindigos 
In halogenated isoindigos, hydrogen atoms on the isoindigo unit are substituted by halogen 
atoms such as fluorine and chlorine. Despite having a low lying LUMO level, the majority of 
isoindigo-based semiconductors described in section 1.5 exhibited p-type behavior. The isoindigo 
unit was halogenated to further lower the LUMO level, which can introduce n-type or ambipolar 
behaviour in the semiconductor. In 2012, Lei and coworkers replaced two hydrogen atoms on 
isoindigo with fluorine atoms, which was the first attempt to modify the core structure of 
isoindigo.118 This fluoroisoindigo monomer was copolymerized with bithiophene to yield polymer 
52 (Chart 1.16). The LUMO of 52 (-3.88 eV) was lowered by 0.18 eV relative to the non-
fluorinated analog 51 (-3.70 eV) (Table 1.4). 52 also demonstrated ambipolar transport behavior 
when incorporated in OFETs with the top-gate/bottom-contact architecture. Devices fabricated in 
ambient atmosphere showed a high hole mobility of 1.85 cm2/V·s compared to 10-2 cm2/V·s shown 
by the reference polymer 51 (Table 1.4). The lowered LUMO level in 52 significantly increased 
the electron mobility up to 0.43 cm2/V·s. The introduction of fluorine atoms assisted the polymer 
to pack more densely, and also functioned as a barrier to oxygen and water, stabilizing electron 














Table 1.4 Optoelectronic properties, charge carrier mobilities, and OPV performance of 
semiconductors (51- 65) based on halogenated and heterocycle-substituted isoindigos. 
aHOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry 
experiments, calibrated against Fc+/Fc. bDevice parameters of best performing devices. cAverage 
device parameters. dLUMO energy estimated from ELUMO = EHOMO + Eg,opt. eHOMO energy 
determined by photoelectron spectroscopy.  
 
This initial success with fluorination motivated Lei et al. to synthesize chloroisoindigo and 
develop polymer 53.119 The chlorine substitution followed the same trend as fluorinaton in 
lowering the LUMO level (-3.86 eV) by 0.16 eV as compared to the parent polymer 51 (-3.70 eV). 
Similar to the fluorinated analogue (52), polymer 53 exhibited ambipolar behavior when 
incorporated in OFETs. As compared to the parent polymer 51, the electron mobility of 53 
increased to 0.62 cm2/V·s because of the lowered LUMO level; however, the hole mobility 
decreased to 0.50 cm2/V·s (1.27 cm2/V·s for 51). This unexpected decrease in hole mobility was 
attributed to a change in polymer packing. The isoindigo-bithiophene parent polymer (51) had a 
face-on p-p stacking orientation, while polymer 53 had a combination of both edge-on and face-
on p-p stacking. The edge-on and face-on orientations refer to the direction of p-p stacking relative 
to the substrate.126 In the edge-on orientation, the p-p stacking direction is parallel to the substrate 




























51 -5.31e -3.70 1.57 1.27 0.01 - - - - 118 
52 -5.46e -3.88 1.50 1.85 0.43 - - - - 118 
53 -5.64 -3.86 1.53 0.50 0.62     119 
54 -5.51 -3.92 1.45 0.75 - 0.63 4.26 44 1.19 120 
55 -5.53 -3.85 1.50 0.10 - 0.75 10.0 61 4.60 120 
56 -4.80e -3.73 0.92 0.16 0.14 - - - - 121 
57 -5.12 -3.49 1.36 14.4 0.092 - - - - 122 
58 -5.64 -3.86 1.78 - - 0.66c 2.7c 31c 0.6b 123 
59 -5.23 -3.95 1.28 - - 0.67c 2.5c 40c 0.7b 123 
60 -5.68 -3.92 1.76 - - 0.28c 0.22c 28c 0.02b 123 
61 -5.25 -3.92 1.33 - - 0.3c 0.6c 22c 0.04b 123 
63 -5.67 -3.64 1.54 7.28 0.78 - - - - 124 
64 -5.8e -4.1d 1.70 - 1.0 - - - - 125 






In the face-on orientation, the p-p stacking direction is perpendicular to the substrate, which is 
beneficial for OPVs as the layers are stacked vertically in the device. 
Following these two reports, Zhang et al. compared the performance of fluoroisoindigo and 
chloroisoindigo based polymers in both OFETs and OPVs.120 They used halogenated isoindigos 
as the acceptor unit and quaterthiophene as the donor unit to synthesize polymer 54 and 55. The 
hole mobility of the fluorinated polymer 54 (0.75 cm2/V·s) was again higher than its chlorinated 
counterpart 55 (0.10 cm2/V·s) (Table 1.4). Surprisingly, the photovoltaic performance of the 
chloroisoindigo derivative (55, PCE = 4.60%) in a blend with PC71BM was significantly higher 
than devices made using 54:PC71BM (PCE = 1.19%). This unexpected difference in performance 
was ascribed to the contrast in the planarity of the two macromolecules. The torsion angle of the 
phenyl-thienyl connection was shown to increase from 19° to 40° when the F-atom was substituted 
by a larger Cl-atom. The increased torsion angle in 55 reduced the planarity of the polymer 
backbone relative to 54. The more planar backbone in 54 helped to form highly crystalline films, 
which resulted in a higher hole mobility in OFETs; however, this planarity produced larger 
domains when 54 was blended with PC71BM in OPV active layers. These larger domains resulted 
in inefficient exciton dissociation, producing a poor JSC; hence, 54 exhibited poor efficiencies in 
OPV applications. In contrast, the reduced planarity in polymer 55 weakened the p-p stacking; 
therefore, the polymer could not achieve the required crystallinity to obtain a high hole mobility. 
However, this weakened intermolecular interaction helped 55 to blend well with PC71BM in the 
OPV active layer. The improved interaction with PC71BM resulted in a favorable morphology, 
with smaller domains that provided an efficient exciton dissociation pathway, generating a higher 
JSC. This report is a good example where the torsion angle between neighboring units of a polymer 
played an important role in determining the charge carrier mobility in OFETs, and helped inspire 







1.6.2 Isoindigos Substituted with Heterocycles 
To reduce the steric repulsion between the hydrogen atoms at the 4 and 4′-positions and the 
lactam oxygen on the isoindigo unit, the benzene rings of isoindigo were replaced with thiophenes 
to develop thienoisoindigo. This was the first heterocycle-substituted isoindigo derivative. It was 
first synthesized by Ashraf and coworkers and combined with benzothiadiazole to synthesize 
polymer 56 (Chart 1.17).121 Owing to its extremely low band gap (0.92 eV), 55 absorbed efficiently 
in the NIR region. When incorporated in OFETs, the polymer demonstrated ambipolar behavior, 
with both hole and electron mobilities of ~0.1 cm2/V·s (Table 1.4). A favorable intramolecular 
interaction between the sulfur of thiophene and the carbonyl oxygen of the lactam ring further 
planarizes the system, which afforded a high charge carrier mobility. Following this report, 
thienoisoindigo was extensively used as the acceptor unit in several donor-acceptor 
copolymers.102-104, 127 Among these polymers, the thienoisoindigo-napthalene copolymer 57, 
synthesized by Kim et al., exhibited p-type behavior with a record hole mobility of 14.4 cm2/V·s 
when incorporated in OFETs (Table 1.4).122 The increased planarity of the polymer backbone from 







Chart 1.17 Organic semiconductors based on heterocycle substituted isoindigo building blocks, 
(56-65). 
The next heterocycle substituted building block was azaisoindigo, where one benzene ring 
of the isoindigo unit was replaced with a pyridine unit. Randell et al. synthesized 7-azaisoindigo 
and coupled it with substituted bithiophenes to develop D-A molecular semiconductors 60 and 61 
(Chart 1.17).123 The electron deficient nitrogen atom was expected to lower the LUMO of these 
semiconductors (60 and 61) relative to reference molecules (58 and 59). However, in comparison 
to reference molecules 58 and 59, the pyridine substitution had little effect on the frontier orbital 
energies and drastically reduced the OPV performance when used with PC61BM. The introduction 
of the nitrogen atom was thought to lower the hole mobility of the semiconductor, thus limiting 
the PCE. Following this work, Miguel et al. synthesized 7,7′-diazaisoindigo (62), a new acceptor 
unit for organic semiconductors (Chart 1.17). With insights provided by theoretical calculations, 
this new building block was found to be more planar than isoindigo because of an enhanced 






was published, several research groups have used 7,7′-diazaisoindigo to synthesize copolymers for 
OFET applications. Huang et al. developed the diazaisoindigo-bithiophene copolymer 63, which 
was shown to have a high crystallinity in thin-films and exhibit an exceptionally high hole mobility 
of over 7 cm2/V·s(Table 1.4).124 Following this work, Yue et al. employed benzothiadiazole and 
selenophene to develop the copolymers 64 and 65.125 Owing to its donor-acceptor structure, 65 
exhibited ambipolar behavior with high hole/electron mobilities when incorporated in OFETs. 
Polymer 64 demonstrated a unipolar electron mobility because of its acceptor-acceptor structure. 
1.6.3 Peripherally Ring-fused Isoindigos 
The last two types of structurally-modified isoindigos include a more advanced 
transformation of the molecular structure. In peripherally ring-fused isoindigo derivatives, new 
aromatic rings are fused on the outside of the isoindigo unit. The advantages of a peripherally ring 
fused system are as follows. Ring-fusion has been shown to increase coplanarity along the polymer 
or molecular backbone, providing increased p-conjugation, which is favorable for intramolecular 
charge transport. Moreover, this longer conjugation length extends the optical absorption further 
into the NIR region. Ring-fusion also provides a larger p-overlap, which leads to better p-p 
stacking between these conjugated cores, facilitating intermolecular charge hopping. This 
increased intermolecular p-overlap also makes these aromatic systems less sensitive to positional 
disorder, which can help charge transport despite a lack of crystallinity. Extending on the idea of 
thienoisoindigo, 121 Meager et al. developed a thieno[3,2- b]thiophene flanked isoindigo unit (66) 
where thiophene rings were peripherally fused on either side of thienoisoindigo (Chart 1.18).129 
The monomer 66 was copolymerized with benzothiadiazole, thiophene and bithiophene, resulting 
in polymers 67-69, respectively (Chart 1.18). Thin-films of all polymers exhibited broad 
absorption spectra having absorption maxima between 875-926 nm. The Eg,opt of the polymers 
were also quite low, varying between 1.05-1.19 eV (Table 1.5). When incorporated in top-
gate/bottom-contact OFETs, all of the polymers demonstrated ambipolar behaviour with 
improvements in mobility observed at high annealing temperature. 67 exhibited higher electron 
mobilities (0.7 cm2/V·s at 300 ºC), while 69 had higher hole mobilities (0.4 cm2/V·s at 300 ºC) 
(Table 1.5). 68 demonstrated balanced hole and electron mobilities (0.2 cm2/V·s at 300 ºC). The 






facilitated electron injection from the electrode, which contributed to the higher electron mobility. 
When the electron deficient benzothiadiazole unit was replaced by an electron rich thiophene unit, 
the polymer (68) showed balanced hole and electron transport. When the thiophene unit was 
replaced by the more electron rich bithiophene unit, the polymer (69) showed a higher hole 
mobility. All of the polymers showed a large increase in crystallinity at higher annealing 
temperatures, which is in line with the higher charge carrier mobilities observed post-annealing. 
These results encouraged McCulloch and coworkers to develop an eight-ring fused isoindigo 
monomer incorporating thieno[2,3-b]benzothiophene (70) (Chart 1.18).  This was copolymerized 
with thiophene to synthesize 71.130 The extended conjugation redshifted the lowest energy 
transition to 665 nm and the polymer had an optical band gap of 1.6 eV (Table 1.5). The polymer 
was used in the active layer of solar cells alongside PC71BM and exhibited a maximum PCE of 
9.1%, the highest efficiency of an OPV made using an isoindigo-based material. This high PCE 
was mainly because of the high absorption coefficient and hole mobility, which produced a high 
JSC (17.7 mA·cm-2). Notably, this performance was achieved without using any solvent additives 
or annealing. Recently, Neophytou et al. synthesized a series of polymers using this thieno[2,3-
b]benzothiophene fused isoindigo monomer unit (70), although the photovoltaic performance of 
these polymers was limited to 5.6% because of a substantially lower JSC compared to 71.131 
 
Chart 1.18 Peripherally ring fused isoindigo building block (66 and 70) and corresponding 






Table 1.5 Optoelectronic properties, charge carrier mobilities, and OPV performance of 
semiconductors (67-85) based on peripherally ring-fused and core-expanded isoindigos. 
aHOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry 
experiments, calibrated against Fc+/Fc. bAverage device parameters. cDevice parameters of best 
performing devices. dLUMO energy estimated from ELUMO = EHOMO + Eg,opt. eHOMO energy 
determined by photoelectron spectroscopy. 
Modifying the isoindigo unit by ring-fusion at the periphery is clearly an interesting 
approach; however, there have been only a few reports of peripherally modified isoindigo 
skeletons. Benzoisoindigo was developed by fusing a benzene ring on either side of the isoindigo 
unit in work described in chapter 2.141 A series of benzoisoindigo-based semiconductors were 
synthesized and the effect of linear and cross-conjugation on the optoelectronic properties of these 




























67 -4.90 -3.90 1.05 0.40 0.70 - - - - 129 
68 -4.80 -3.70 1.13 0.20 0.20 - - - - 129 
69 -4.80 -3.60 1.19 0.40 0.10 - - - - 129 
71 -5.10e -3.50d 1.60 0.31c - 0.72c 17.7c 71c 9.1c 130 
73 -5.83e -4.41d 1.42 0.84c 1.1c - - - - 132 
75 -5.32e -4.05d 1.27 1.92c - - - - - 133 
76 -5.71 -3.70 1.22 0.10c 0.075c - - - - 134 
78 -5.60 -4.2 1.27 - - 0.59c 1.28c 30c 0.23c 135 
79 -5.16 -3.66 1.29 1.1 × 10-3 6.2 × 10-3 - - - - 136 
80 -5.16 -3.58 1.31 1.55 0.021 - - - - 136 
81 -5.24 -3.58 1.29 1.79 0.087 - - - - 136 
82 -5.20e -4.2d 1.01 - 0.03 - - - - 137 
83 -5.14 -3.96 1.19 1.1 × 10-5 8.4 × 10-4 - - - - 138 
84 -5.85 -3.97 1.60 1.6 × 10-3 1.3 × 10-3 0.86 4.2 50 1.8 139 
85 -5.65 -3.92 1.54 9 × 10-4 2.3 × 10-3 0.77 5.9 61 2.8 139 
86 -5.51 -3.75 1.22 0.19b 1.5c × 10-2 - - - - 140 






1.6.4 Isoindigos with Expanded Cores 
Isoindigo derivatives with expanded cores have been developed by incorporating conjugated 
units between the lactam rings of isoindigo. Lei et al. first expanded the core of isoindigo by 
inserting a benzodifurandione unit between the lactam rings of isoindigo (72) (Chart 1.19).132 As 
mentioned in section 1.4, early success in organic electronics came with PPVs and Lei et al. 
carefully analyzed the limitation of these materials. The poor charge carrier mobilities of PPVs 
were caused by the following. The double bonds in PPVs readily undergo trans to cis isomerization 
under UV irradiation, which increases the steric burden between aromatic cores and lowers the p-
orbital overlap, inhibiting charge transport (Figure 1.18 a). Even in all-trans backbones, the single 
bonds in PPVs can rotate freely at room temperature, generating many conformational isomers; 
this again impedes intrachain charge transport (Figure 1.18 b). Because of the limited conjugated 
area, p-p stacking is also weak in PPVs. Compared to PPVs, the core-expanded monomer 72 was 
conformationally locked where the vinylene units of PPVs are replaced by lactam rings connected 
to furanone units via exocyclic double bonds (Figure 1.18 c). The copolymer 73 exhibited a strong 
absorption in the NIR region with a low Eg,opt of 1.42 eV (Table 1.5). Owing to the electron 
deficient carbonyl groups, the polymer had a very low LUMO level of -4.41 eV. When 
incorporated in OFETs, 73 exhibited electron mobility up to 1.1 cm2/V·s. The higher electron 
mobility was ascribed to the low lying LUMO level, conformationally locked geometry, and 
increased planarity because of a non-bonding interaction between the carbonyl oxygen and the 
hydrogen atom on the aromatic unit (Figure 1.18c). In addition, the low LUMO level increased the 







Chart 1.19 Copolymers (73, 75, and 76) based on core expanded isoindigo building blocks. (72 
and 74). 
 
Figure 1.18 (a) Isomerization of PPV derivatives under UV irradiation, (b) Formation of 
conformational isomer of PPV derivatives because of single bond rotation, (c) Design strategy to 
modify conformationally labile PPV backbone into a geometrically locked structure.  
Following this work, the benzodifurandione unit of 72 was substituted by 
benzodipyrroledione to produce 74 by the concurrent efforts of the Pei research group133 and Li 
research group (Chart 1.19).134 The monomer 72 only had two nitrogen atoms available for 






were required to impart sufficient solubility to the polymer. These large alkyl chains are not readily 
available and difficult to synthesize in good yield. Replacing the benzodifurandione unit by 
benzodipyrroledione introduced two more nitrogen sites for alkylation which afforded sufficient 
solubility even with shorter alkyl chains. 74 was copolymerized with 1,2-bis(thiophen-2-yl)ethene 
to yield polymers 75 and 76. Both of these polymers had an optical band gap below 1.3 eV (Table 
1.5). When incorporated in OFETs, 75 exhibited an extremely high hole mobility of 1.92 cm2/V·s 
while 76 demonstrated hole (0.10 cm2/V·s) dominated ambipolar behavior. Despite having similar 
polymer backbones, the different electronic behavior can be ascribed to the nature of the side chain 
interactions. The branching point of the alkyl chains in 75 was separated by three methylene groups 
from the polymer backbone, while the branch point in 76 was separated by only a single methylene 
group. The close proximity of the branch point in 76 hindered the p-p stacking, thus lowering the 
hole mobility. In contrast, the distant branching point in polymer 75 helped to maintain the 
planarity of the backbone, leading to stronger p-p stacking. 
Randell et al. developed isoindigo[7,6-g]isoindigo or bisisoindigo (77) where a ring-fused 
dimer of isatin is inserted between isoindigo lactam rings (Chart 1.20).135 The N-alkylated building 
block was coupled with 5-hexyl-2,2′-bithiophene to produce the molecular semiconductor 78 
(Chart 1.20). 78 absorbed across the entire visible region and had an optical bandgap of   1.27 eV 
(Table 1.5). In contrast to its excellent optical absorption, 78:PC71BM OPVs had a poor JSC of 1.88 
mA·cm-2, which limited the PCE (0.23%). The poor solubility of this material resulted in an 
unfavourable blend morphology and larger domain size inhibiting exciton dissociation. Owing to 
the strong electron deficient nature imparted by the four lactam rings, 78 possessed a LUMO 
comparable to PC71BM. Therefore, semiconductor 78 was also evaluated as an n-type material in 
a blend with PTB7-Th,142-143 a commercially available p-type material. The poor OPV 
performance of those devices was ascribed to large domain sizes and poor film morphologies 
because of insufficient solubility of 78 in processing solvents. Jiang et al. also copolymerized 78 
with a set of thiophene oligomers, resulting in three different polymers (79-81) (Chart 1.20).136 In 
keeping with their lower band gaps (ranging between 1.50-1.67 eV), all of these polymers 
exhibited ambipolar behaviour when incorporated in OFETs (Table 1.5). Both the highest hole 






polymer 81. This was ascribed to the denser packing and higher molecular weight of 81. To 
exclude the energetic disorder rising from the free rotation along the polymer backbone, Onwubiko 
et al. synthesized polymer 82 where double bonds lock-in a rigid backbone.137 This locked 
geometry facilitated extensive delocalization along the polymer backbone and shifted the lowest 
energy transition into the NIR region (927 nm). When incorporated in OFETs, 82 exhibited a high 
electron mobility of 0.03 cm2/V·s. While the extended conjugation in the locked conformation 
enhanced the intra-chain electron transport, the promoted p-stacking resulted in a higher inter-
chain electronic coupling which provided more facile electron hopping. The extended 
delocalization also deepened the LUMO (-4.2) which helped to achieve air-stable electron 
transport. Jiang et al. synthesized 83, an oligomer of 77.138 Owing to its extended conjugation, the 
lowest energy transition maxima (890 nm) was centered in the NIR region and the oligomer had a 
low Eg,opt of 1.19 eV. 83 demonstrated ambipolar behaviour in OFETs with electron and hole 
mobilities of 8.4 × 10-4 and 1.1 × 10-5 cm2/V·s The poor charge carrier mobilities of 83 were 
attributed to its weak intermolecular attraction because of bulky and branched alkyl side chains. 
These promising results suggested that further research on bisisoindigo-based systems was 







Chart 1.20 Semiconductors (78-83) based on core expanded isoindigo building block 77. 
Dimers of isoindigo have also been used to develop more complex polymer structures. 
Randell et al. also synthesized a dimer of isoindigo where two isoindigo units were covalently 
connected at the 6,6′ position by a single bond.139 When combined with thiophene and terthiophene 
to produce polymers 84 and 85 (Chart 1.21, Table 1.5), the LUMO energies were lower and the 
electron mobilities were higher compared to their isoindigo analogues. James et al. used a dimer 
where the benzene ring on one indolinone unit was replaced by a thiophene ring on either side of 






donor-acceptor-acceptor type polymers 86 and 87, respectively (Chart 1.21).140 This donor-
acceptor-acceptor structure resulted in lower LUMO energies. Both of these polymers exhibited 
balanced hole/electron mobility, with a highest hole mobility of 1.1 cm2/V·s for 87 (Table 1.5). 
 
Chart 1.21 Polymers 84-87 which are based on dimerized isoindigo derivatives.  
Although numerous examples of modified isoindigo building blocks have been developed 
over the last six years and proven to be successful in improving device performance, there is room 
to bring more variation to the isoindigo structure. A clear understanding of structure-property 
relationships in these new systems is also critically important to move the field forward. Therefore, 
the work presented in this thesis focuses on modifying the isoindigo structure and understanding 







1.7 Thesis Objectives 
This thesis presents the synthesis of novel organic semiconductors and aims to develop a 
fundamental understanding of the effect of structural changes on optoelectronic properties. 
Isoindigo based semiconductors have been used to accomplish the work presented in this thesis. 
Over the course of two major projects, this thesis describes the synthesis of two new modified 
isoindigo units and their incorporation into a series of molecular and polymeric semiconductors. 
The thesis also represents a detailed characterization of optoelectronic properties such as the 
oscillator strength, optical band gap, energy of the HOMO and LUMO, and the charge carrier 
mobilities. For the work presented here, charge carrier mobilities have been measured by testing 
the organic semiconductor in OFETs. The semiconductors were also used to fabricate organic solar 
cells to evaluate their photovoltaic performance.  
In chapter 2, the synthesis and characterization of benzoisoindigo based molecular 
semiconductors is discussed. Benzoisoindigo is a ring-fused isoindigo derivative which was paired 
with the 5-hexyl-2,2′-bithiophene unit to develop a new donor-acceptor semiconductor.  The 
objective of developing benzoisoindigo was to extend the conjugation length of the isoindigo unit 
and determine how the substitution pattern on this extended isoindigo unit affects the 
optoelectronic properties of the resulting donor-acceptor materials. The substitution of donor units 
on benzoisoindigo can produce either cross or linearly conjugated semiconductors depending on 
the position of substitution. This study provided a comprehensive understanding of how cross-
conjugation affects the optical properties and electronic structure of benzoisoindigo-based 
semiconductors relative to linearly-conjugated analogues. The extended conjugation length of 
benzoisoindigo substantially red-shifted the absorption maximum of the lowest energy transition; 
however, the cross-conjugation significantly reduced the oscillator strength, which limited the 
photocurrent in OPVs. 
Chapter 3 describes synthetic efforts to reduce the torsional strain and conserve the planarity 
in isoindigo-based polymers. Two new polymers, polyethynylisoindigo and polybisisoindigo, 
were synthesized. Polyisoindigo, the control polymer in this project, exhibited a poor electron 






were incorporated between neighboring isoindigo units. Polybisisoindigo was synthesized using 
bisisoindigo, a ring-fused isoindigo derivative. The objective of this study was to determine 
whether the structural modifications of isoindigo can reduce the torsional strain in the polymer 
backbone and increase the charge carrier mobility. The study showed that the introduction of an 
ethynyl spacer in polyethynylisoindigo led to a higher electron mobility compared to the control 
polymer. In the case of polybisisoindigo, the ring fusion extended the conjugation along the 
polymer backbone which enhanced the electron mobility. The larger overlap because of ring fusion 
also made the polymer packing less sensitive to positional disorder which helped to maintain a 
higher electron mobility. 
Finally, the thesis will collect the results from chapters 2 and 3 and draw broader conclusions 
about structure-property relationships in isoindigo-based systems. While these results were 
obtained on isoindigo derivatives, a general conclusion will be drawn about the effect of 
substitution patterns and torsional strain on the optoelectronic properties of the materials which 
can be applied to other building blocks as well. Ultimately, the research presented in this thesis 
enhances our understanding of the effect of molecular structure on optoelectronic properties. 
1.8 Statement of Co-authorship 
A single crystal x-ray diffraction pattern was obtained and the molecular structure of 91 
(presented in chapter 2) was determined by Dr. Jianfeng Zhu of the Saskatchewan Structural 
Sciences Centre, University of Saskatchewan. OFET measurements (presented in chapter 3) were 
done by Dr. Arthur D. Hendsbee under the supervision of Professor Yuning Li at the University 
of Waterloo. GIWAXS data (presented in chapter 3) was obtained by Dr. Maged Abdelsamie under 
the supervision of Dr. Michael F. Toney at the Stanford Synchrotron Radiation Lightsource. Both 







Chapter 2 - Effect of Cross-Conjugation on Derivatives of 
Benzoisoindigo, an Isoindigo Analogue with an Extended π‑System* 
2.1 Introduction 
The emergence of isoindigo as an electron deficient building block in conjugated systems 
was discussed briefly in section 1.5, which focused on the reports where isoindigo was paired with 
readily available donors to synthesize new donor-acceptor materials.102, 104 In a majority of those 
materials, extended conjugation led to an improvement in their device performance. The research 
presented in this chapter was designed to further explore the potential of extending the conjugation 
length of isoindigo. As discussed in section 1.5, when thiophenes on isoindigo-thiophene materials 
were replaced with oligothiophenes, the increased conjugation length enhanced the planarity. This 
resulted in a higher charge carrier mobility.109 McCulloch and coworkers modified the isoindigo 
core structure by fusing thienothiophene to the periphery of the isoindigo unit to increase its 
conjugation length (section 1.6). A thienothiophene-fused isoindigo based polymer exhibited a 
PCE of 9.1% when incorporated in OPVs. The rigid backbone of the ring-fused building block 
resulted in a high hole mobility which generated a high photocurrent of 17.7 mA·cm-2.130 Using a 
similar ring-fusion approach, I developed benzoisoindigo by fusing benzene rings on either side 
of the isoindigo unit (Figure 2.1 a, b). In this ring-fused benzoisoindigo unit, the p-conjugation is 
extended relative to isoindigo. Therefore, semiconductors based on the benzoisoindigo unit are 
expected to have a narrower bandgap, leading to efficient absorption in the NIR region. Moreover, 
the ring-fused system of benzoisoindigo introduces additional rigidity in the system, which helps 
maintain planarity in the molecular backbone. The synthesis and optoelectronic characterization 
of benzoisoindigo-based molecular semiconductors will be discussed and compared with isoindigo 
analogues in this chapter. 
                                                
 
*A version of this chapter has been published before. Reproduced with permission from Ganguly, 
A.; Zhu, J.; Kelly, T. L. Effect of cross-conjugation on derivatives of benzoisoindigo, an isoindigo 







Figure 2.1 The structure and numbering scheme of (a) isoindigo and (b) benzoisoindigo; 
isoindigo-based D-A compounds with (c) a linearly-conjugated 6,6¢-linkage, and (d) a cross-
conjugated 5,5¢-linkage. 
In the preparation of D-A semiconductors, the donor unit and the acceptor unit are often 
synthesized separately, followed by Pd-catalyzed cross-coupling reactions to covalently connect 
the two units. In these cross-coupling reactions, the substitution pattern of the donor and acceptor 
can greatly influence the optoelectronic properties of the resulting materials. When isoindigo is 
used as the acceptor unit, there are two common substitution patterns – substitution at the 5,5¢ or 
the 6,6¢ positions of isoindigo (Figure 2.1 c). All of the isoindigo-based semiconductors reviewed 
in section 1.5 and section 1.6 were synthesized following an identical substitution pattern. In those 
examples, isoindigo was always substituted at the 6,6¢ positions, producing linearly-conjugated 
systems. In a linearly conjugated system the p-electrons are effectively delocalized over the entire 
molecule; however, substitution at the 5,5¢ positions generates cross-conjugated isomers because 
of the lack of a quinoidal form (Figure 2.1 d). In a cross-conjugated system, the conjugation is 
therefore broken at the linkage of the donor and acceptor, which dramatically affects the properties 
of the D-A material. There are only a few studies comparing these cross-conjugated systems with 
their linearly-conjugated analogues. Estrada et al. studied isoindigo-based oligomers with different 
substituents and substitution patterns. They concluded that the transition dipole moment is more 






system.145 Pruissen et al. carried out another study on the effect of cross-conjugation on two 
different D-A copolymers, with similar results.146 
Similar to isoindigo, benzoisoindigo can be substituted in such a way that both linearly-
conjugated and cross-conjugated derivatives can be prepared. For example, substitution at the 7,7¢ 
position (Figure 2.1 d) will afford linearly-conjugated materials, while 5,5¢ linkage will produce 
cross-conjugated isomers. Although there are a few reports on isoindigo-based systems where the 
substitution pattern was systematically varied, the impact of cross-conjugation on more extended 
π-systems such as benzoisoindigo has not yet been explored. The longer conjugation length of 
benzoisoindigo derivatives, even when the system is cross-conjugated, may have a substantial 
impact on the overall optical and electronic properties. Hence, this chapter includes a comparative 
discussion on the effect of substitution pattern on isoindigo and benzoisoindigo-based 
semiconductors. Therefore, in addition to synthesizing benzoisoindigo, the intention was to 
develop both linearly-conjugated and cross-conjugated semiconductors and accomplish a 
comparative study of their optoelectronic properties. The compounds included in this study are 
shown in Chart 2.1. They include isoindigo (88) and benzoisoindigo (89), as well as D-A small 
molecules 1, 90-92. Compound 91 is a new cross-conjugated D-A material based on 
benzoisoindigo, while 92 is the linearly-conjugated analogue. 91 was successfully synthesized; 92 
was synthetically inaccessible, and therefore density functional theory (DFT) was used to compare 
the properties of all six compounds. For comparison, the analogous isoindigo-based systems (1, 
90) were also synthesized. The optoelectronic properties of compounds 1, 88-91 are characterized 
by both UV-vis spectroscopy and cyclic voltammetry. The impact of cross-conjugation on device 







Chart 2.1  Structure of isoindigo (88), benzoisoindigo (89), and the D-A materials (1, 90−92). 
2.2 Results and Discussion 
2.2.1 Synthesis 
The synthesis of compound 89 was accomplished in four steps, as presented in Scheme 2.1. 
The Martinet isatin synthesis was first used to prepare compound 94 starting from commercially 
available 1-aminonaphthalene (93).135, 147 The Sandmeyer isatin synthesis is commonly employed 
to prepare isatins and their derivatives and it requires the use of water as a solvent;148-149 however, 
the complete insolubility of 93 in water precludes its use. As a consequence, the Martinet synthesis 
(carried out in glacial acetic acid) was used.150 In order to reduce the corresponding isatin 
derivative (94), a Wolff-Kishner reduction was employed.151 The acid-catalysed aldol 
condensation of 94 and 95 subsequently afforded benzoisoindigo (96) in moderate yield.150 Owing 
to extended intermolecular π-π interactions, this ring-fused isoindigo derivative is completely 






96 was N-alkylated using 2-ethylhexyl bromide and potassium carbonate to yield N,N¢-bis(2-
ethylhexyl)benzoisoindigo (89), which was highly soluble in both dichloromethane and 
chloroform. 
 
Scheme 2.1 Synthesis of N,N¢-bis(2-ethylhexyl)benzoisoindigo (89). 
The synthesis of 91 started from 1-amino-4-bromonapthalene (97) (Scheme 2.2). In the first 
three steps, 5,5¢-dibromobenzoisoindigo (100) was synthesized in a similar fashion to 89. 
However, in addition to 100, the acid-catalysed aldol condensation of 98 and 99 produced a 
monobrominated byproduct (5-bromobenzoisoindigo, 101) in a nearly 1:1 mole ratio. The poor 
separation of the dibrominated (100) and monobrominated (101) products further complicated the 
synthesis; however, the formation of this side product could be avoided by instead carrying out a 
deoxygenation reaction152 on the corresponding isatin. The alkylated 5,5¢-dibromobenzoisoindigo 
(102) was then reacted with 5-trimethylstannyl-5´-hexyl-2,2´-bithiophene (103) to form the D-A 









Scheme 2.2 Synthesis of Donor–Acceptor−Donor Compound 91. 
Compounds 88 and 1 are known compounds and were synthesized according to previously 
reported procedures.150 Compound 90 is an isomer of 1 and has not been previously reported; 90 
was synthesized in a similar fashion to 91. The synthetic details of 1, 88-91 are given in Chapter 






difficulty accessing the requisite 1-amino-6-bromonaphthalene starting material. An attempt to 
synthesize another linearly conjugated isomer, starting from 6-bromo-2-napthol (104) is presented 
in Scheme 2.3. In practice, it did not afford the desired isomer of the isatin (107), making it 
impossible to produce a linearly-conjugated benzoisoindigo derivative. Zhao et al. also reported 
synthetic difficulties with the same isomer of benzoisoindigo; the yield in their final step (4%) was 
far too low to be a viable route to the desired product.153 Therefore, a detailed theoretical treatment 
of all compounds was also carried out, including the linearly-conjugated isomer (92). 
 
Scheme 2.3 Attempted reactions to synthesize linearly-conjugates isomer starting from 6-bromo-
2-napthol. 
2.2.2 Density Functional Theory Calculations 
In order to compare the effect of cross-conjugation and extended conjugation on the 
optoelectronic properties of these semiconductors, the electronic structure of compounds 88-90, 1, 
and 91-92 was calculated using density functional theory at the B3LYP/6-31G(d,p) level of theory. 
After optimization of the molecular geometry, the vertical excited-state transitions were calculated 
using time-dependent density functional theory to determine their theoretical oscillator strengths 
(fosc). The long 2-ethylhexyl alkyl chains were replaced by methyl groups in all calculations to 
reduce the computing cost. The FMO energies, HOMO-LUMO gaps (DE), and the oscillator 







Table 2.1 Experimental and calculated electronic spectroscopic data and frontier orbital energy 































88 499 0.41 0.06 - –3.82 - 0.12 –5.71 –2.94 2.77 
89 625 0.86 0.19 –5.75 –4.01 1.74 0.27 –5.25 –3.02 2.23 
90 560 0.25 0.05 –5.49 –3.89 1.60 0.02 –5.11 –2.93 2.18 
1 591 3.20 0.34 –5.61 –3.87 1.70 1.55 –5.12 –2.94 2.18 
91 654 0.67 0.14 –5.57 –4.08 1.49 0.08 –5.06 –3.10 1.96 
92 - - - - - - 1.17 –5.03 –3.07 1.96 
aMeasured in chloroform solution for the lowest energy electronic transition. bMeasured 
electrochemically. Cyclic voltammograms were referenced to a ferrocenium/ferrocene (Fc+/Fc) 
external standard, which is –5.1 eV with respect to vacuum. The HOMO and LUMO energies were 
determined from the onset of oxidation and reduction, respectively.154 cCalculated using DFT at 
the B3LYP/6-31G(d,p) level of theory, using a polarizable continuum model with a dielectric 
constant equal to that of dichloromethane. 
 
The calculated HOMO/LUMO levels (-5.71/-2.94 eV) of isoindigo (88) are in reasonable 
agreement with those calculated by Estrada et al. for N,N′-dimethylisoindigo (–5.91 and –3.06 eV, 
respectively).145 Relative to isoindigo (88),  benzoisoindigo (89) has  a substantially reduced (ca. 
500 meV) HOMO-LUMO gap since it has a longer conjugation length. The HOMO of 89 is 
substantially higher in energy than that of 88 (–5.25 vs. –5.71 eV), while the LUMO is only slightly 
deeper (–3.02 vs. –2.94 eV). This suggests the impact of the additional fused benzene ring on the 
LUMO is relatively small, which is in agreement with the idea that the electron-withdrawing amide 
groups of the isoindigo molecule are primarily responsible for controlling the LUMO energy 
(Figure 2.2).145 As per the calculated data, these changes in the FMO energy levels are predicted 
to result in a pronounced red-shift (152 nm) in the lowest energy (HOMO → LUMO) electronic 
transition (Figure 2.3a). Owing to the extended conjugation length of benzoisoindigo, the oscillator 
strength of this transition is also anticipated to substantially increase from 0.12 to 0.27. The 



















Figure 2.3 Predicted UV-vis spectra, calculated using time-dependent density functional theory 
(TDDFT), for: (a) isoindigo (88) and benzoisoindigo (89); (b) D-A compounds 1, and 90-92. 
In the case of the cross-conjugated and linearly-conjugated bithiophene-isoindigo 
semiconductors (90 and 1, respectively), the substitution pattern on isoindigo appears to have little 
impact on the HOMO and LUMO levels. Hence, the HOMO (–5.11 vs. –5.12 eV) and the LUMO 
(–2.93 vs. –2.94 eV) energies are not significantly changed (Table 2.1). In comparison to isoindigo 
(88), the addition of the electron rich 2,2’-bithiophene groups substantially raises the HOMO 
energy (by ca. 600 meV), but the LUMO energy is essentially identical. In contrast to the FMO 
energies, both the relative contributions to the FMOs and the oscillator strength of the HOMO → 
LUMO transition are affected by the substitution pattern on isoindigo. While the HOMO of 90 is 
primarily localized on the oxindole and pendant bithiophene groups, the HOMO of 1 has a 
substantial contribution from the exocyclic double bond (Figure 2.2). Furthermore, the LUMO of 


















































1 also has a notable contribution from the bithiophene groups; this is in contrast to 90, where it is 
strictly centered on the isoindigo core. These differences resulted in a much higher oscillator 
strength in 1; fosc of the linearly-conjugated 1 is nearly 80-fold higher than that of the cross-
conjugated 90. Since the LUMO of both molecules is primarily centered on the 3,3′-bipyrrolidine-
2,2′-dione core, the spatial overlap of the initial and final wavefunctions will be much higher in 1 
than in 90, leading to a larger overall fosc. 
For the bithiophene-benzoisoindigo derivatives 91 and 92, the same trends are observed. 
Following the same trend, the HOMO-LUMO gap in 91 and 92 is narrowed by ca. 300 meV 
relative to the parent benzoisoindigo (89), mostly because of the higher HOMO energies (Table 
2.1). Again, the FMO energies of 91 and 92 are essentially unchanged, while the fosc of the HOMO 
→ LUMO transition in 92 is over an order of magnitude (15-fold) larger than in 91. The effect of 
ring fusion on the FMOs and the lowest energy electronic transition is substantial. The HOMO of 
91 again has substantial contributions from both the pendant bithiophene groups and the central 
oxindole units; however, in contrast to 90, there is now a significant contribution from the 
exocyclic double bond (Figure 2.2). Since the LUMO of 91 is still predominantly centered on the 
3,3′-bipyrrolidine-2,2′-dione core (as in 90), this enhances the spatial overlap of the initial and 
final wavefunctions in 91 for the HOMO → LUMO transition. As a result, the difference in fosc 
(15-fold) is substantially lower in the bithiophene-benzoisoindigo derivatives (91 and 92) than in 
the bithiophene-isoindigo derivatives (90 and 1, 80-fold difference in fosc). 
In keeping with the extended conjugation in the benzoisoindigo-based systems, most of the 
electronic transitions for the benzoisoindigo-bithiophene derivatives are associated with a red-shift 
compared to the isoindigo-bithiophene analogues. The HOMO → LUMO transition is red-shifted 
by ca. 90 nm when comparing both 90 and 91 (cross-conjugated) and 1 and 92 (linearly 
conjugated). The HOMO–2 → LUMO transitions, located between 475 and 575 nm, are also red-
shifted in a similar fashion (Figure 2.3b). Since the higher energy π→π* transitions (between 375 
- 400 nm) are more localized in nature and mostly centered on either the pendant bithiophene 






2.2.3 Optical Properties 
To evaluate the impact of cross-conjugation on benzoisoindigo and its derivatives and 
validate the calculated optical properties, the absorbance spectra were measured in solution for 
compounds 88-90, 1, and 91-92. The absorption maximum (lmax), molar extinction coefficient and 
experimentally-determined oscillator strength (fosc(exp)) for each compound are listed in Table 2.1. 
fosc(exp) was calculated according to Equation 2.1.145 Where, 𝜀Nf` is the molar absorptivity at the 
maximum of the lowest energy transition, 𝜈 is peak maximum in cm-1, ∆𝜈/Q is the full-width at 
half-maximum (FWHM) in cm-1. Isoindigo (88) exhibits a reasonably strong absorption band in 
the middle of the visible region (λmax ≈ 500 nm), with a molar absorption coefficient of 4.1 ´ 103 
M–1×cm–1 (Figure 2.4 a), along with several higher energy absorption bands between 300 and 400 
nm (ε ≈ 1 ´ 104 M–1×cm–1). Based on the predictions by TDDFT (Figure 2.3 a), the band at 500 nm 
can be ascribed to the HOMO → LUMO transition, whereas the bands at 300 – 400 nm emerge 
because of the HOMO–2 → LUMO and HOMO–3 → LUMO transitions. The benzoisoindigo (89) 
displays similar features in its absorption spectrum (Figure 2.4 a), only red-shifted relative to 
isoindigo. The red-shift, along with the increase in oscillator strength for the HOMO → LUMO 















Figure 2.4 UV-vis spectra of (a) isoindigo (88) and benzoisoindigo (89) in CHCl3; (b) compounds 
90, 1 and 91 in CHCl3; (c) compounds 90, 1, and 91 as thin films.  An expanded view of the lowest 
energy absorption bands (normalized to the peak maxima) is shown separately in the inset of (a) 
and (b). 








































































































Most of the features in the absorption spectra of any D-A material stem from π→π* 
transitions; however, the high energy transitions are typically localized on either the donor or 
acceptor, while the lowest energy transition usually possesses intramolecular charge transfer (ICT) 
character.155 Both of these two distinct features are observed in compounds 90, 1, and 91 with the 
transitions from 300 – 400 nm being primarily localized on the pendant bithiophene groups, while 
those in the 400 – 500 nm (HOMO–2 → LUMO) and > 500 nm (HOMO → LUMO) ranges have 
more ICT character. 
The absorption maxima in the low energy region for the isoindigo-based D-A materials (90 
and 1) reside at 592 and 650 nm, respectively (Figure 2.4 b). As these low energy transitions 
involve transition from a HOMO with a large degree of bithiophene character to a LUMO largely 
centered on the isoindigo core, they have the most ICT character. This affords a large transition 
dipole moment, which in turn should increase the oscillator strength and extinction coefficient. 
Hence, both the oscillator strength and molar extinction coefficient are enhanced by an order of 10 
for the linearly conjugated compound 1 compared to isoindigo (88). However, the cross-
conjugation in isomer 90 effectively negates the increase in transition dipole moment; the molar 
absorptivity of 90 is actually lower than that of isoindigo (88) (Table 2.1). A similar trend is 
observed when comparing benzoisoindigo (89) to its cross-conjugated bithiophene derivative (91). 
Although the λmax of the HOMO → LUMO transition red-shifts slightly, the same decrease in 
oscillator strength is observed because of cross-conjugation.  
The solid-state absorption spectra of 90, 1, and 91 are depicted in (Figure 2.4 c). In general, 
strong π-π interactions in the solid state results in broadening and/or the emergence of shoulder 
peaks in the solid-state spectra of conjugated systems. This is reflected in the solid state spectrum 
of the linearly-conjugated compound 1; however, in the cross-conjugated systems 90 and 91, there 
is a much less substantial red-shift observed in the HOMO → LUMO transition. Clearly, the 
substitution pattern is affecting the strength of the electronic π-interactions in the solid state. The 






2.2.4 Structure of Compound 91 
Optoelectronic properties, such as charge carrier mobility, can greatly be impacted by the 
torsion angle between the pendant bithiophene groups and the isoindigo or benzoisoindigo core. 
As per the DFT results, the calculated torsion angle in 91 is much higher than it is in either 90, 1, 
or 92. In order to experimentally verify this data, single crystals of 91 were grown by slow 
evaporation of a chloroform solution of the compound, and analyzed by single crystal X-ray 
diffraction. As depicted in Figure 2.5 a, the crystal structure of 91 belongs to the triclinic space 
group P-1. Crystal and structural refinement data, bond lengths and angles are provided in Table 
5.1, Table 5.2, and Table 5.3 (Chapter 5), respectively. The additional data related to anisotropic 
displacement parameters, hydrogen coordinates, and isotropic displacement parameters are 
presented in Table 5.4 and Table 5.5 (Chapter 5). All of these data sets are also available at the 
Cambridge Crystallographic Data Centre (CCDC 1542137). The experimentally measured 
benzoisoindigo-bithiophene torsion angle (57.43˚) (Figure 2.5 a) is in close agreement with the 
geometry optimized by DFT (ca. 50°), while this same torsion angle for compounds 90, 1 and 92 
is calculated to lie between 20° and 26°. Therefore, the bithiophene groups in 91 are no longer 
coplanar with the benzoisoindigo core because of the additional steric strain supplied by the larger 
napthalene backbone. In compound 92, this additional torsional strain is effectively eliminated by 
the substitution pattern. Hence, the reduced coplanarity owing to the orthogonality of the 
bithiophene and benzoisoindigo π-systems in compound 91 further limits the oscillator strength of 
the HOMO → LUMO transition. In spite of this increased torsion, the benzoisoindigo core is 
nonetheless able to p-stack in a slipped stack packing motif, with an interlayer spacing of 3.44 Å 
(Figure 2.5 c). This is in keeping with the reported interlayer spacing of 1,1¢-dimethylisoindigo156 










Figure 2.5 (a) Molecular structure of 91 with thermal ellipsoids drawn at the 50% probability 
level. Hydrogen atoms are omitted for clarity. Both the 2-ethylhexyl and hexyl chains have been 
truncated to methylene groups. Carbon, sulphur, oxygen and nitrogen atoms are shown in grey, 
yellow, red, and blue, respectively. The measured dihedral angle (Cp-Cq-Cr-Cs) between the plane 
of benzoisoindigo and the plane of the adjacent bithiophene ring is 57.43°.  (b) View of 91 showing 







2.2.5 Electrochemical Properties 
Electrochemical behaviours of organic semiconductors can be explored by voltammetry 
experiments. In voltammetry, a specified voltage profile is applied to a working electrode as a 
function of time and the current produced by a redox system is measured. There are several 
voltammetry methods; however, cyclic voltammetry158-159 and differential pulse voltammetry159 
(DPV) are commonly used to characterize organic semiconductors. In cyclic voltammetry, a linear 
potential is swept back and forth in a cycle between a specified initial and final value at a fixed 
rate. In DPV, the potential is changed using pulses of increasing amplitude and the difference in 
output current before and after each pulse is measured. Owing to its differential nature, DPV is a 
highly sensitive technique and often preferred over cyclic voltammetry for more accurate 
determination of redox potentials. 
The extraction of EHOMO and ELUMO from a voltammogram is based on several assumptions. 
Ideally, the ionization potential and the electron affinity are extracted from the onset of oxidation 
and reduction of a cyclic voltammogram, respectively.  IP and EA are assumed to be identical to 
EHOMO and ELUMO, respectively. This is based on the approximation that both of these frontier 
orbital energies are not affected by the removal of an electron from the HOMO or the addition of  
an electron to the LUMO, which is not true in reality.160 Hence, EHOMO and ELUMO derived from 
the voltammogram should be taken as estimates. On the timescale of a voltammetry experiment, 
an organic semiconductor can undergo nuclear reorganization after oxidation or reduction, in 
contrast to spectroscopic transitions which are too fast for nuclear movement.160 Therefore, the 
HOMO-LUMO gap measured electrochemically is always different than Eg,opt, which is measured 
from the onset of the UV-vis spectrum.  
The redox behaviour of the synthesized compounds (1, 88-91) was explored by cyclic 
voltammetry and the frontier orbital levels were extracted from the onset of oxidation and 
reduction (Figure 2.6). The EHOMO and ELUMO values are tabulated in Table 2.1. All potentials are 
calibrated against Fc+/Fc. Equation 2.2 and Equation 2.3 were used to reference the EHOMO and 
ELUMO to vacuum. Where, E[onset, ox vs. Fc+/Fc] and E[onset, red vs. Fc+/Fc] are energies estimated from the 






saturated calomel electrode which is at 4.7 eV vs. vacuum. Therefore, Fc+/Fc redox standard is at 
-5.1 eV vs. vacuum.154  
The electrochemistry of isoindigo (88) is straight-forward, with only one quasi-reversible 
reduction peak at E1/2red = –1.37 V, and no obvious oxidation features. This is in good agreement 
with previous reports, differing by only ca. 30 mV.145 Benzoisoindigo (89) shows a similar quasi-
reversible reduction peak, only shifted slightly to more positive potentials (E1/2red = –1.30 V), 
consistent with the slightly lower LUMO level predicted by DFT. A second small, quasi-reversible 
reduction wave is also observed at E1/2red = –1.71 V.  In contrast to isoindigo (88), benzoisoindigo 
(89) shows three quasi-reversible oxidation peaks with E1/2ox of 0.71, 0.97 and 1.29 V. As predicted 
by DFT, the addition of the fused benzene ring to each half of the isoindigo molecule substantially 
increases the HOMO level, making oxidation much more facile in this system. 
EHOMO = − [e(E[onset, ox vs. Fc+/Fc] + 5.1)](eV) Equation 2.2 
 
ELUMO = − [e(E[onset, red vs. Fc+/Fc] + 5.1)](eV) Equation 2.3 
 
Figure 2.6 Cyclic voltammograms (scan rate 50 mV/s) of compounds 88-90, 1, and 91 dissolved 
in a dichloromethane solution of 0.05 M–1 tetrabutylammonium hexafluorophosphate. 
Both the isoindigo-based D-A compounds, the cross-conjugated isomer (90) and the linearly-
conjugated isomer (1), show two quasi-reversible reduction waves with exactly the same E1/2red of 
–1.25 and –1.74 V.145, 150 Both systems also show two very similar, irreversible oxidation waves 



















at 0.51 and 0.61 V for 90, and 0.59 and 0.70 V for 1. Given the similarity in HOMO and LUMO 
energy levels predicted by DFT, this similarity in the electrochemistry of 90 and 1 is not surprising. 
The electrochemical behaviour of the benzoisoindigo-based cross-conjugated compound 91 also 
follows the trends predicted by DFT. The two quasi-reversible reduction peaks (E1/2red = –1.07 and 
–1.51 V) closely resemble those of benzoisoindigo (89), although shifted to slightly more positive 
potentials. Similarly, the onset of oxidation is similar for compounds 90, 1, and 91 again indicating 
that the position of the HOMO is governed almost entirely by the bithiophene donor groups. Of 
the four irreversible oxidation waves (0.56, 0.67, 0.82, and 0.88 V), only the two peaks at higher 
potentials are not observed in the isoindigo analogues (90). This suggests that these latter two 
oxidation processes arise from the benzoisoindigo core, in keeping with the voltammogram of 89. 
In general, the electrochemical data supports the general trends predicted by DFT. As can be 
seen in Table 2.1, for all of the compounds, the position of the LUMO is almost entirely dictated 
by whether isoindigo or benzoisoindigo is used as the electron-deficient acceptor. Similarly, the 
position of the HOMO varies by no more than 100 meV for the bithiophene-containing 
compounds, suggesting that the electron-rich donor effectively controls the HOMO energy. Thus, 
the HOMO-LUMO gaps are virtually independent of the substitution pattern (linearly or cross-
conjugated); only the intensity of the HOMO → LUMO transition varies between the 
regioisomers. 
2.2.6 OPV Performance 
In order to examine the effect of these variations in substitution pattern on OPV performance, bulk 
heterojunction solar cells were fabricated with a regular device architecture: 
ITO/PEDOT:PSS/Donor:PCBM/LiF/Al. Each of the three synthesized D-A compounds (90, 1, 
and 91) were used as the p-type semiconductor in the active layer, alongside either PC61BM (for 
90 and 1) or PC71BM (for 91) as their n-type counterpart. Device performance was optimized using 
different solvents such as chloroform, chlorobenzene, o-dichlorobenzene and a 1:1 (v/v) mixture 
of chlorobenzene and chloroform, to make the active layer solution.  Two semiconductors (p-type 
and n-type) were mixed in a blend ratio of 1:1 in case of each solvent used, with a total solution 






devices were annealed in each case to screen if annealing leads to better morphology compared to 
pristine devices. All of the devices fabricated with 90:PC61BM system were non-functional and 
did not exhibit any PCE because of the extremely low JSC and VOC (Table 2.2). The representative 
J-V characteristics are shown in Figure 2.7 a. The devices based on the linearly conjugated 
bithiophene-isoindigo compound (1:PC61BM) exhibited the best performance when the active 
layer was cast from chloroform and annealed at 100 ˚C for 15 min, with the champion device 
producing a PCE of 1.25% (Table 2.3). The JSC for this cell was 4.84 mA×cm–2 with a VOC as high 
as 0.81 V. The JSC was also calculated from the incident photon-to-current efficiency (IPCE) 
spectrum for a OPV device. The IPCE is defined as the ratio of the number of carriers collected 
by the solar cell to the number of photons of a given energy incident on the solar cell. The fraction 
of photons that are used by the device at a given wavelength can be calculated from an IPCE 
spectrum. It depends on the extinction coefficient of the active material at that wavelength, charge 
transport within the active layer and interfacial charge transport. The calculated JSC (6.14 mA×cm–
2) from the IPCE curve of the active layer 1:PC61BM was similar (although slightly higher) to that 
obtained from OPV devices (Figure 2.7 b). Similar to 90, the benzoisoindigo-based semiconductor 
(91) did not produce any functional devices when used in OPVs in a blend with PC61BM. This was 
because of an insufficient driving force to split the photogenerated excitons as the LUMO level of 
91 is almost identical to that of PC61BM.161 In order to achieve a higher energy offset, compound 
91 was paired with PC71BM, which has a lower LUMO. However, only a few barely-functional 
devices were obtained (Table 2.4), irrespective of the fabrication conditions used. These displayed 







Table 2.2 Optimization of 90:PC61BM devices. The casting solvent chloroform (CF), 
chlorobenzene (CB) and annealing conditions (100 ˚C for 15 min or non-annealed) were 
systematically varied. For average data, the number of cells tested (N) is reported, along with the 
standard deviation. In all cases, the cells were non-functional. 
Solvent Annealed N Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 
CF 
Yes 
28 0.02 ± 0.01 0.004 ± 0.0002 - - 
Champion 0.03 0.003 - - 
No 
12 0.0001 0.00006 ± 0 - - 
Champion 0.01 0.0001 - - 
CB:CF (1:1) 
Yes 
28 0.02 ± 0.01 0.0003 ± 0.0002 - - 
Champion 0.04 0.0003 - - 
No 
6 0.0010 ± 0.0007 0.06 ± 0.06 - - 








Table 2.3 Optimization of 1:PC61BM devices. The casting solvent (chloroform (CF), 
chlorobenzene (CB), or o-dichlorobenzene (ODCB)) and annealing conditions (100 ˚C for 15 min 
or non-annealed) were systematically varied. For average data, the number of cells tested (N) is 
reported, along with the standard deviation. 
Solvent Annealed N Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 
ODCB 
Yes 
5 0.67 ± 0.08 0.06 ± 0.01 25 ± 1 0.010 ± 0.004 
Champion 0.76 0.07 26 0.01 
No 
19 0.6 ± 0.1 0.22 ± 0.09 30 ± 4 0.04 ± 0.02 
Champion 0.57 0.35 34 0.07 
CB 
Yes 
19 4.8 ± 0.5 0.5 ± 0.1 34 ± 2 0.8 ± 0.3 
Champion 5.28 0.62 37 1.23 
No 
15 4 ± 1 0.5 ± 0.1 31 ± 2 0.6 ± 0.2 
Champion 3.96 0.76 31 0.92 
CF 
Yes 
27 4.0 ± 0.7 0.6 ± 0.2 31 ± 2 0.8 ± 0.3 
Champion 4.84 0.79 33 1.25 
No 
 
25 3.3 ± 0.9 0.6 ± 0.2 29 ± 1 0.6 ± 0.3 
Champion 4.37 0.79 29 1.01 
CB:CF (1:1) 
Yes 
21 4 ± 1 0.6 ± 0.2 31 ± 3 0.8 ± 0.3 
Champion 4.46 0.81 34 1.25 
No 
19 3.4 ± 0.8 0.6 ± 0.2 27 ± 3 0.6 ± 0.3 








Table 2.4 Optimization of 91:PC71BM devices. The casting solvent (chloroform (CF), 
chlorobenzene (CB)) and annealing conditions (100 ˚C for 15 min or non-annealed) were 
systematically varied. For average data, the number of cells tested (N) is reported, along with the 
standard deviation. 
Solvent Annealed N Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 
CF 
Yes 
5 0.006 ± 0.002 0.22 ± 0.08 28 ± 4 0.0004 ± 2 
Champion 0.01 0.21 29 0.006 
No 
13 0.0077 ± 0.0005 0.4 ± 0.2 29 ± 3 0.0009 ± 0.0005 
Champion 0.007 0.72 32 0.0018 
CB:CF (1:1) 
Yes 
9 0.016 ± 0.001 0.03 ± 0.02 - - 
Champion 0.018 0.03 - - 
No 
17 0.0143 ± 0.0009 0.5 ± 0.2 28 ± 2 0.002 ± 0.0007 
Champion 0.016 0.64 28 0.003 
 
 
Figure 2.7  (a) J-V curves in the light (solid lines) and the dark (dashed lines) for OPV devices 
with 90:PC61BM, 1:PC61BM, and 91:PC71BM active layers; (b) IPCE spectrum for the champion 
1:PC61BM cell. 
Figure 2.8 presents the solid state spectra of a 91:PC71BM thin film cast from chloroform; in 
part, it explains the poor device performance observed for the cross-conjugated molecules. The 
spectrum does not show any features of 91; it only displays the features of PC71BM.162 This is in 
agreement with the low oscillator strength (and molar extinction coefficient) of the cross-
conjugated isomer. Moreover, an absorbance of 0.1 – 0.3 is too meager to absorb enough photons 













































to produce meaningful photocurrents. Therefore, cross-conjugated compounds such as 90 and 91 
have limited utility for photovoltaic applications. 
 
Figure 2.8 UV-vis thin film absorption spectra of PC71BM, 91, and the 91:PC71BM blend used in 
OPV fabrication. 
The low extinction coefficient of 91 is one of the primary reasons for its poor device 
performance; however, the efficiency of these devices is 100-times smaller than those fabricated 
with 1, while the oscillator strengths differ only by a factor of 10. This suggests there are other 
factors possibly contributing to the poor performance of 91. After carefully examining the images 
of 91:PC71BM active layers taken by atomic force microscopy (AFM) and the structure of 91 
determined by single crystal x-ray diffraction, a sub-optimal film morphology and a low hole 
mobility are hypothesized to further lower the PCE. While neither strongly intermixed phases nor 
large crystallites are beneficial for efficient photocurrent generation, the 90:PC61BM film appears 
to have strongly intermixed phases and the 91:PC71BM film is shown to form larger aggregates 
(0.9 – 1 µm, measured along XY direction) compared to the blend of 1:PC61BM (Figure 2.9).163-
164 In addition, the slipped-stack packing motif of 91 does not offer a good overlap between 
adjacent bithiophene sub-units (Figure 2.10). This is likely to limit the device performance since 
this intermolecular overlap between donor subunits in a D-A system is essential for hole transport. 
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Figure 2.9 AFM images (10 × 10 µm) of active layer blends: (a) 90:PC61BM, cast from 
chloroform and annealed; (b) 1: PC61BM, cast from chloroform and annealed; and (c) 91:PC71BM, 
cast from a 1:1 mixture of chloroform/chlorobenzene. 
 
Figure 2.10 Multiple views of 91, showing the molecular packing: (a) along the a-axis, (b) along 







In this chapter, the synthesis of a new electron-deficient building block (benzoisoindigo) was 
described, which can be used to prepare new conjugated organic semiconductors. Extending the 
conjugation length of isoindigo by the fusion of a benzene ring was shown to reduce the HOMO-
LUMO gap and red-shift the absorption bands in the UV-vis spectra, primarily by raising the 
position of the HOMO. The impact of substitution pattern (linearly vs. cross-conjugated) on D-A 
compounds based on both benzoisoindigo and isoindigo was evaluated by a combined theoretical 
and experimental study. The results show that in these D-A systems, the HOMO and LUMO 
positions are mostly independent of the substitution pattern, and depend only on the particular 
choice of donor and acceptor. In contrast, the oscillator strength of the HOMO → LUMO transition 
depends strongly on the substitution pattern; cross-conjugated systems lack efficient overlap of the 
initial and final-state wavefunctions, leading to extremely low oscillator strengths and molar 
extinction coefficients. These results, therefore, suggest that if derivatives of benzoisoindigo can 
be prepared, with linkages at the linearly conjugated 7,7′-positions, they may be highly suitable 
for optoelectronic applications. 
 
Note: The work presented in ‘Chapter 2’ was published and adapted from the following reference- 









Chapter 3 - Effect of Torsion Angle on the Electron Mobilities of 
Isoindigo-based Polymers 
3.1 Introduction 
In the second chapter of this thesis, the development of benzoisoindigo was described along 
with its application in photovoltaic devices. The findings revealed two key facts. First, linear 
conjugation is essential to achieve a high oscillator strength for electronic transitions. Second, 
molecular semiconductors, especially those with large p-systems such as benzoisoindigo, tend to 
p-stack and over-crystallize. Based on these findings, polymer semiconductors were developed 
using linearly-conjugated building blocks, and the results are presented in chapter 3. As mentioned 
in section 1.5.2, polymer semiconductors often exhibit a semi-crystalline microstructure with 
separate crystalline and amorphous regions, which prevents over-crystallization. Moreover, 
polymers with ultrahigh charge carrier mobilities have been shown to have crystalline domains 
interconnected by amorphous polymer chains that ensure fast charge transport.165  
The majority of isoindigo-based semiconductors are p-type.102-105 There are only a few 
isoindigo-based unipolar n-type semiconductors and much needs to be done to develop new n-type 
materials. Among these handful of examples, polyisoindigo (46) was the first isoindigo-based n-
type semiconductor.116 It exhibited an extremely low electron mobility because of a lack of 
planarity in the polymer backbone. The planarity was not maintained because of a large torsion 
angle between neighboring isoindigo units. This work aims to improve the electron mobility of 
polyisoindigo (46) by structural modification. Two new polymers, polyethynylisoindigo (108) and 
polybisisoindigo (109), are synthesized (Figure 3.1). In polyethynylisoindigo (108), linearly 
conjugated 6,6′-substituted isoindigo units are connected via ethynyl spacers. The spacer increases 
the distance between adjacent isoindigo units which is expected to lower the torsion angle. This 
will planarize the polymer backbone leading to an increased effective conjugation length. The 
other polymer, polybisisoindigo (109), is based on the building block isoindigo[7,6-g]isoindigo 
(bisisoindigo, 77).135-136 Bisisoindigo (77) is a core-expanded isoindigo unit where a ring-fused 






same torsional strain present in polyisoindigo (46); however, the structural repeat unit is now twice 
as large as in polyisoindigo (46), leading to an overall increase in conjugation length. Effectively, 
the ring-fusion will result in fewer single bonds along the polybisisoindigo (109) backbone relative 
to a polyisoindigo (46) chain with the same molecular weight.  
 
Figure 3.1 Structure of bisisoindigo (77). (b) polymers studied: polyisoindigo (46), 
polyethynylisoindigo (108), and polybisisoindigo (109). 
This chapter focuses on the synthesis of two new polymers (108, 109) and explores their 
structure-property relationships using a combined theoretical and experimental study. 
Polyisoindigo (46) is also synthesized as a control polymer. The optimized geometry of the 
polymer backbone is calculated using DFT. The optical and electrochemical properties of the three 
polymers are characterized by UV-vis spectroscopy and differential pulse voltammetry, 
respectively. To measure the electron mobilities, the polymers were incorporated in OFETs. The 
packing patterns of the polymers in the solid-state were probed by grazing-incidence wide angle 







3.2 Results and Discussion 
3.2.1 Synthesis 
Polyisoindigo (46) was synthesized according to the previously reported procedure shown 
in Scheme 3.1.116 First, 6-bromoisatin (110) was reduced to 6-bromooxindole (111) using a Wolff-
Kishner reduction. An acid-catalyzed aldol condensation of an equimolar mixture of 110 and 111 
afforded 6,6′-dibromoisoindigo (112). In order to increase the solubility of 112, 6,6′-
dibromoisoindigo was N-alkylated using 2-hexyldecylbromide and potassium carbonate, yielding 
113. The alkylated isoindigo (113) was subjected to a Miyaura borylation producing a pinacol ester 
(114). This was coupled with an equimolar amount of 113 using a Suzuki coupling reaction to 
synthesize the homopolymer of isoindigo (46). 
 
Scheme 3.1 Synthesis of the polyisoindigo (46) 
To synthesize polyethynylisoindigo (108), 113 was first synthesized as shown in Scheme 
3.1. In order to couple the ethynyl spacer to the isoindigo unit, 113 was reacted with 
ethynyltrimethylsilane using a Pd-catalyzed Sonogashira cross-coupling to yield 115 (Scheme 
3.2). The trimethylsilyl groups were removed in the following step using potassium carbonate in 
a 1:1 mixture of MeOH/CH2Cl2. Sonogashira cross-coupling was employed again to copolymerize 







Scheme 3.2 Synthesis of n-type polymer polyethynylisoindigo (108). 
A first attempt was made to synthesize polybisisoindigo (109) using traditional metal-
catalyzed cross-coupling methods (Scheme 3.3), as was employed for polyisoindigo (46) and 
polyethynylisoindigo (108). The synthesis started with N-alkylation of 1,5-diaminonapthalene 
(117) which was done in two steps. First, 117 was subjected to N-acylation followed by a reduction 
of the acyl group to produce 118 using LiAlH4 in THF. This was followed by a double Martinet 
isatin synthesis on 119 to yield N-alkylated bisisatin (119), a ring-fused dimer of isatin. In the 
following step, 120 was reacted with alkylated 6-bromooxindole (122) in an acid-catalyzed aldol 
condensation reaction to produce dibromobisisoindigo (123). In order to use Pd-catalyzed Stille 
coupling reaction to produce the homopolymer of bisisoindigo, 123 was treated with n-BuLi and 
trimethyltin chloride. Unfortunately, the stannylated product (124) readily underwent 
protodestannylation in the reaction medium to produce 125 along with only a minor amount of 
124 (X = -SnMe3). When 123 was treated with bis(pinacolato)diboron, the resulting pinacol ester 
(124, X = -Bpin) also suffered from protodeboronation which precluded the use of a Suzuki 








Scheme 3.3 Synthetic attempts to access n-type polymer polybisisoindigo (109) via metal-
catalyzed cross-coupling methods. 
To produce polybisisoindigo, new synthetic methodologies were required. In this new 
approach, the polymer was designed to be accessible via an acid-catalyzed aldol polymerization 
(Scheme 3.4). First, N-alkylated 6-bromoisatin (121) underwent a Miayura coupling to generate 
the boronic ester-functionalized isatin (126). A Suzuki coupling between 126 with an equimolar 
amount of 121 produced the 6,6′-diisatin dimer (127). In the following step, compound 127 was 
reduced to 6,6′-dioxindole (128) by refluxing in neat hydrazine hydrate over 40 h. In the final step, 
an equimolar mixture of bifunctional isatin (127) and oxindole (128) co-monomers were refluxed 






the elimination of water to form the new exocyclic carbon-carbon bond, affording polybisisoindigo 
(109). 
 
Scheme 3.4 Synthesis of polybisisoindigo (109) via aldol polymerization methodology.  
Besides affording access to polymers that are not otherwise synthetically accessible using 
conventional coupling methods, aldol polymerization has several other advantages.  It only 
produces water as a byproduct and does not involve transition metal catalysts. In contrast, Stille 
couplings involve highly toxic organotin reagents, the byproducts of which must be carefully 
removed after synthesis. Even more environmentally-benign methods like Suzuki and Sonogashira 
couplings require basic conditions, which are not compatible with all monomers or functional 
groups, and all of these cross-couplings make use of expensive metal catalysts.138 Finally, any 
trace metal ions from the residual catalyst must be rigorously removed, as they have been shown 
to lead to trap states that attenuate carrier transport in polymer films.166 Therefore, the synthesis of 
polybisisoindigo (109) in this work highlights the versatility of the aldol polymerization 
methodology. With no organometallic reagents involved in the polymerization, this methodology 






toxicity remains a limiting factor. In addition, all three polymers have comparable number-average 
molecular weights (ranging from 15 to 22 kDa) and dispersities (2.0 to 2.6), showing that the aldol 
polymerization is capable of producing materials with chain lengths equal to that of conventional 
cross-coupling methods (Table 3.1).  





















46 21.9 43.9 2.0 1.69 -6.22 -3.79 2.43 
108 15.4 40.4 2.6 1.73 -6.22 -3.90 2.32 
109 15.5 38.0 2.4 1.32 -6.03 -3.94 2.09 
aMeasured in 1,2,4-trichlorobenzene at 130 °C by size exclusion chromatography. 
bMeasured in chloroform solution for the lowest energy electronic transition. cMeasured from the 
absorption onset of thin film UV-vis spectra.  dEstimated from the first anodic/cathodic 
peak (EHOMO/ELUMO) in the differential pulse voltammogram; voltammograms were 
referenced to the Fc+/Fc redox couple, which was assumed to be −5.1 eV relative to 
vacuum.154 
3.2.2 Optical Properties  
The UV-vis absorption spectra of all three polymers were measured as both chloroform 
solutions and thin films (Figure 3.2). All polymers absorb well across the visible region, as 
expected from their blue-green to green color. Polyisoindigo (46) exhibits three main absorption 
bands, with the lowest energy transition centered at 684 nm. Compared to polyisoindigo (46), 
polyethynylisoindigo (108) is expected to have a lower torsion angle along the polymer backbone 
(and therefore red-shifted absorption bands), owing to the lack of steric constraints provided by 
the ethynyl spacer. This is supported by geometry optimizations calculated for trimers at the 
B3LYP/6-31G(d,p) level of theory. The calculated torsion angle between the ethynyl and isoindigo 
sub-units (3˚) is significantly reduced in comparison to the torsion angle between isoindigo repeat 
units (34˚) in polyisoindigo (Figure 3.3). However, the UV-vis spectrum of polyethynylisoindigo 
(108) is actually blue-shifted relative to that of polyisoindigo (46) (λmax of the lowest energy 
transition is 597 nm) (Table 3.1). This can be explained based on the conformational flexibility of 






ethynyl linker, leading to larger average torsion angles and a reduction in effective conjugation 
length. This is manifested as both a blue-shift and a loss of vibronic fine structure in the UV-vis 
spectrum (Figure 3.2). In the solid-state UV-vis spectra (Figure 3.2), there is a red-shift of the 
polyethynylisoindigo (108) spectrum relative to solution, as the polymer locks into a more planar 
conformation in the thin film. No such shift is observed for polyisoindigo (46), where there is little 
ability for the conformationally-restricted polymer backbone to planarize further. In contrast, the 
UV-vis spectrum of the polybisisoindigo (109) is dramatically red-shifted relative to polyisoindigo 
(46) (λmax of the lowest energy transition is 768 nm, with a shoulder at 856 nm). Polybisisoindigo 
(109) suffers from the same torsional strain present in polyisoindigo (46) (Figure 3.3, Table 3.1), 
with a torsion angle of 34˚ between adjacent bisisoindigo units; however, the structural repeat unit 
is now twice as large as in polyisoindigo (46), leading to an overall increase in conjugation length. 
Effectively, the ring-fusion results in fewer single bonds along the polybisisoindigo (109) 
backbone relative to a polyisoindigo (46) chain with the same molecular weight. When combined 
with the slightly more electron-rich naphthalene core (which imparts more charge transfer 
character to the S0→S1 transition), the Eg,opt of polybisisoindigo (109) is reduced by 370 meV 







Figure 3.2 UV-vis spectra of: (a) polyisoindigo (46), (b) polyethynylisoindigo (108), and (c) 
polybisisoindigo (109). Thin films were drop cast from chloroform solutions (as-cast) and 
annealed for 15 minutes at 100 °C (annealed). 
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Figure 3.3 Optimized geometries (B3LYP/6-31G(d,p)) of: (a) polyisoindigo (46), (b) 
polyethynylisoindigo (108), and (c) polybisisoindigo (109). The torsion angles between adjacent 
sub-units are indicated. 
3.2.3 Electrochemical Properties 
The oxidation and reduction potentials of the polymers were measured by differential pulse 
voltammetry, using thin films of each material (Figure 3.4). As mentioned in section 2.2.5, 
differential measurements in DPV result in peaked output rather than the wave-like response in 
cyclic voltammetry.159 EHOMO and ELUMO were estimated from the peak maxima of oxidation and 
reduction (Table 3.1). The voltammograms presented in this section were also calibrated against 
the Fc+/Fc redox couple and referenced to vacuum as done in chapter 2 (Equation 2.2 and Equation 
2.3). All three polymers show one anodic peak, which is shifted slightly (190 mV) toward less 
positive potentials in polybisisoindigo (109). This reflects both the extended conjugation and the 
more electron-rich naphthalene core of the bisisoindigo polymer. The reduction of the polymers is 
more varied. Polyisoindigo (46) displays two reduction peaks (at −1.31 and −1.87 V vs. Fc+/Fc), 






(109) has multiple overlapping peaks between −1.13 and −2.12 V. With more functional groups 
such as ethynyl spacer in polyethynylisoindigo or additional lactam rings in polybisisoindigo, 
higher number reduction peaks were obseved compared to polyisoindigo. The more positive 
reduction potentials in polyethynylisoindigo (108) and polybisisoindigo (109) support the idea of 
extended conjugation in these systems, particularly in the solid state. The LUMO of 
polybisisoindigo (109) is quite low-lying (ELUMO = −3.94 eV), and is close to the −4.0 eV needed 
for air-stable electron transport. 
 
Figure 3.4 Differential pulse voltammograms of polymers (46, 108, and 109) thin films measured 
in a 0.05 M−1 acetonitrile solution of tetrabutylammonium hexafluorophosphate. 
3.2.4 OFET Measurements 
Polymers were next used to prepare OFETs with a bottom-gate bottom-contact architecture. 
The devices were fabricated on a dodecyltrichlorosilane-modified SiO2/Si wafer with a pair of Au 
electrodes as the source and drain contacts. After spin-coating the polymer films from a chloroform 
solution, they were annealed at different temperatures (50, 100, 150, and 200 °C) under an inert 
atmosphere. Table 3.2 presents a summary of the OFET performances of the three polymers. 
  























5 3.2 × 10−5 ± 4.8 × 10−6 4600 71 ± 5 
Best 3.9 × 10−5 10000 79 
50 
5 3.5 × 10−5 ± 1.8 × 10−6 4600 45 ± 1 
Best 3.8 × 10−5 1000 46 
100 
5 4.7 × 10−5 ± 1.5 × 10−5 8200 44 ± 1 
Best 7.4 × 10−5 10000 45 
150 
5 5.0 × 10−5 ± 7.3 × 10−6 8200 42 ± 4 
Best 5.9 × 10−5 1000 42 
200 
5 7.6 × 10-5 ± 2.1 × 10-5 26000 50.7 ± 5.0 




5 7.0 × 10−5 ± 3.8 × 10−5 1000 87 ± 2 
Best 1.3 × 10−4 1000 88 
50 
5 1.6 × 10−4 ± 1.0 × 10−4 4600 85 ± 3 
Best 3.2 × 10−4 1000 87 
100 
5 2.8 × 10−4 ± 9.5 × 10−5 46000 56 ± 2 
Best 4.0 × 10−4 100000 57 
150 
5 2.4 × 10−4 ± 6.9 × 10−5 82000 57 ± 2 
Best 3.0 × 10−4 10000 58 
200 
5 1.9 × 10-4 ± 1.3 × 10-4 8200 63.1 ± 2.0 




5 2.4 × 10−4 ± 2.0 × 10−4 8200 47 ± 5 
Best 5.2× 10−4 10000 51 
50 
5 2.9 × 10−4 ± 1.2 × 10−4 10000 49 ± 3 
Best 4.3× 10−4 10000 50 
100 
5 5.8 × 10−4 ± 4.5 × 10−4 46000 42 ± 3 
Best 1.2× 10−3 100000 46 
150 
5 6.3 × 10-4 ± 4.9 × 10-4 10000  44.9 ± 1.4 
Best 1.3 × 10-3 10000 43.7 
200 
5 3.7 × 10−4 ± 1.8 × 10−4 1000 44 ± 5 
Best 5.2 × 10-4 1000 48 
aDevices were annealed for 30 min at each specified temperature. 
 The working principles of OFETs were discussed in section 1.3.1. As described in this 






accumulation of negative charge in the conduction channel. According to the transfer curves 
shown in Figure 3.5, positive gate voltages result in charge transport, indicating unipolar n-type 
charge transport characteristics. µe was calculated from the slope of the linear part of the √𝐼ab vs 
𝑉eb curve (i.e., the saturation regime). The electron mobility of polyisoindigo (46) was found to 
be low, as expected from the literature;116 the average mobility was only 7.6 × 10−5 cm2/V·s, and 
the best device yielded an electron mobility of 1.0 × 10−4 cm2/V·s. This is most likely because of 
the large torsion angle between adjacent monomer units, which forces the polymer backbone into 
a twisted conformation. The electron mobility of polyisoindigo rose with increase in temperature, 
indicating enhanced crystallinity with annealing temperature.  Polyethynylisoindigo (108) had a 
higher average electron mobility of 1.9 × 10−4 cm2/V·s, and the best mobility was 4.2 × 10−4 
cm2/V·s. The improvements may be because of higher intra-chain mobility, owing to a more planar 
backbone; or, they may be because of a higher inter-chain mobility, because of tighter π-π stacking. 
Given that the conformational flexibility of the ethynyl spacer was shown to disrupt the 
conjugation in solution (Figure 3.2), and the smaller d-spacing of the polyethynylisoindigo (108) 
π-stack (vide infra), the improved mobility was ascribed to better inter-chain carrier transport. Of 
the three polymers, polybisisoindigo (109) had the highest electron mobility of 1.26 ´ 10−3 
cm2/V·s, with an average value of 6.26 ´ 10−4 cm2/V·s. The extensive ring fusion in the polymer 
backbone would be expected to facilitate intra-chain charge transport, explaining the higher 
mobility observed for polybisisoindigo (109). The average electron mobility of both 
polyethynylisoindigo and polybisisoindigo initially increased with increase in temperature; 
however, they exhibited a decrease at 200 °C, which is possibly due to unfavourable morphology 











Figure 3.5 Transfer (left) and output (right) characteristics of the best performing OFETs 
fabricated using: (a,b) polyisoindigo (46), (c,d) polyethynylisoindigo (108), and (e,f) 
polybisisoindigo (109). The observed spikes with in 0 - 40 V in transfer curves are because of low 
signal to noise ratio. Extremely low drain current caused the current oscillation in output curves.  





















































































































































3.2.5 Thin-film Microstructure 
The complex microstructure of conjugated polymers greatly influences their optoelectronic 
properties and functionality in organic electronic devices. The characterization of this 
microstructure is often done by employing the GIWAXS technique.126, 167 In the GIWAXS 
technique, the X-ray beam impinges onto the sample surface at an extremely shallow incident 
angle (< 1°) which makes the x-ray scattering surface sensitive. In order to correlate the observed 
changes in electron mobility with changes in film microstructure, GIWAXS patterns of polymers 
(46, 108, and 109) were collected to analyze the degree of order in the polymer films. GIWAXS 
patterns of the polymer films, both before and after annealing, are shown in Figure 3.6. The pristine 
films of all three polymers show scattering from lamellar stacking, centered at q  ̴ 0.27-0.33 Å−1, 
and scattering from π-π stacking centered at q  ̴ 1.6-1.8 Å−1; these peaks are assigned to the (100) 
and (010) reflections, respectively (Figure 3.6, Table 3.3). For polyisoindigo (46), the lamellar 
stacking of the as-cast film has a spacing of 20.9 Å that decreases slightly to 20.3 Å upon thermal 
annealing, whereas the spacing of the π-π stack is ~ 3.7 Å for both as-cast and annealed films 
(Error! Reference source not found., Table 3.3). The incorporation of the ethynyl spacer in 
polyethynylisoindigo (108) increases the lamellar spacing to 22.4-23.3 Å, but decreases the π-π 
separation to ~ 3.5 Å, giving rise to better π-π overlap along the [010] direction. This is consistent 
with the higher electron mobility of polyethynylisoindigo (108) relative to polyisoindigo (46). 
Conversely, the incorporation of the ring-fused monomer unit in polybisisoindigo (109) decreases 
the lamellar spacing to 19.0-19.6 Å, but marginally increases the π-π separation to ~ 3.8 Å. 
Moreover, the scattering features from the π-π stack become broader and less pronounced in 
polybisisoindigo (109) than in polyisoindigo (46). This finding excludes the possibility that the 
improvements in electron mobility observed for polybisisoindigo (109) are because of closer inter-
chain interactions along the [010] direction. Instead, better co-planarity along the polymer 
backbone likely improves the intra-chain π-π overlap and carrier transport. Another possibility is 
that the larger surface area of the bisisoindigo π-system makes the polymer less sensitive to 
positional disorder. This leads to sufficient π-orbital overlap between adjacent polymer chains, 
even when long-range order is lacking, and has been observed in other materials with large, ring-






because of the presence of an amorphous scattering ring centered at q ~ 1.4-1.5 Å-1 that overlaps 
with the π-π stacking scattering for most of the samples. 
 
Figure 3.6 (a-c) GIWAXS patterns of the as-cast polymer thin films on Si wafers: (a) 
polyisoindigo (46), (b) polyethynylisoindigo (108), and (c) polybisisoindigo (109). (d-f) GIWAXS 
patterns of polymer thin films annealed at 100 ˚C for 30 min: (d) polyisoindigo (46), (e) 
polyethynylisoindigo (108), and (f) polybisisoindigo (109). (g-i) The azimuthally-integrated 
intensities corresponding to the GIWAXS patterns of the annealed (black lines) and the as-cast 
(gray lines) polymer thin films: (g) polyisoindigo (46), (h) polyethynylisoindigo (108), and (i) 
polybisisoindigo (109). The thicknesses of the films were 82 ± 8 nm, 36 ± 4 nm, and 60 ± 5 nm 







Table 3.3 Summary of structural parameters and crystalline correlation length for the lamellar 










As-cast Annealed As-cast Annealed As-cast Annealed As-cast Annealed 
46 0.3 0.31 20.9 20.3 0.08 0.068 7.9 9.2 
108 0.27 0.28 23.3 22.4 0.082 0.075 7.7 8.4 
109 0.32 0.33 19.6 19.0 0.12 0.1 5.2 6.3 
 
 
Figure 3.7 Fitting of the scattering peaks between q ~ 1-2 Å−1 for the GIWAXS patterns of 
polymer thin films: (a) as-cast polyisoindigo, (b) annealed polyisoindigo, (c) as-cast 
polyethynylisoindigo, (d) annealed polyethynylisoindigo, (e) as-cast polybisisoindigo, and (f) 
annealed polybisisoindigo. An amorphous scattering peak appears around q ~ 1.4-1.5 Å−1 for all 
samples, whereas the π-π stacking scattering peak appears at q ~ 1.7 ± 0.1 Å−1, q ~ 1.8 ± 0.1 Å−1, 






Figure 3.7 (continued) (109), respectively. It is worth noting that there is a large uncertainty in the 
peak position of the π-π stacking feature in polybisisoindigo (108) because of the large overlap 
with amorphous scattering. This was attributed to very weak ordering of the π-π stack in 
polybisisoindigo films.  An additional scattering peak at q ~ 1.17 Å−1 appears in-plane for 
polyisoindigo films (fits marked as P*). All polymers exhibit reorganization in the solid state after 
thermal annealing, leading to an increase in the polymer order as revealed by an increase in the 
GIWAXS-integrated intensities (Figure 3.6g-i). This is consistent with the highest OFET 
performances being observed for annealed devices (Table 3.2). 
The fractional amount of the crystalline phase in a polymer film is called the degree of 
crystallinity. However, this parameter is difficult to measure. As an alternative, the crystallinity in 
a film can be quantified relative to a reference film of the same material, which is known as the 
relative degree of crystallinity (RDC). RDC is determined by integrating the scattering intensity 
across all orientation angles (χ) from 0° to 90° as per Equation 3.1. 
RDC ∝ sin χ 𝐼 χ 𝑑𝑥
p

<  Equation 3.1 
Here, 𝐼(χ) presents the scattering intensity at a given orientation angle. sin(χ) is a geometrical 
correction factor which accounts for the change in the observed intensity with the orientation angle 
in the grazing incidence geometry.168 The relative degree of crystallinity was calculated using the 
(100) peak for the annealed films as compared to as-cast films (Figure 3.8). The RDC increases by 
~ 92%, 85%, and 44% for polyisoindigo (46), polyethynylisoindigo (108), and polybisisoindigo 
(109), respectively. Clearly, polybisisoindigo (109), having the most rigid polymer chains, exhibits 
the least reorganization upon thermal annealing. Overall, the GIWAXS data reveal two different 
origins for the observed improvements in electron mobility: closer inter-chain interactions along 
the π-π stacking direction for polyethynylisoindigo (108), and better intra-chain co-planarity along 







Figure 3.8 Relative degree of crystallinity calculated from the lamellar stacking of polyisoindigo 
(46), polyethynylisoindigo (108), and polybisisoindigo (109), for annealed vs. as-cast films. The 
error bars correspond to the uncertainty in the measured materials’ volume. To isolate the π-π 
stacking scattering from the amorphous scattering, the in-plane and out-of-plane scattering profiles 
were fitted separately (Error! Reference source not found.), relying on the fact that amorphous 
scattering is isotropic in both the in-plane and out-of-plane orientations. 
The conjugation length and the crystal size of these p-conjugated systems strongly affect 
their optoelectronic properties, which was also observed for the organic semiconductors discussed 
in this thesis. The average size of ordered regions can be estimated from the crystalline correlation 
length (CCL).169-170 Owing to the anisotropy in the crystal dimensions, CCL is assigned to a 
specific crystallographic plane. For polymers 46, 108 and 109, the CCL was determined along the 
(100) lamellar stacking direction. As-cast polyisoindigo films exhibited the highest CCL among 
the three polymers, while polybisisoindigo had the lowest CCL. This again showed that 
polybisisoindigo was the most disordered of three polymers. Annealing at higher temperatures 
increased the CCL for every polymer, although the value was still highest for polyisoindigo and 







 In conclusion, the electron mobility of polyisoindigo (46) has been improved by modifying 
the structure of the repeating unit. Two new polymers, polyethynylisoindigo (108) and 
polybisisoindigo (109), were synthesized with an aim to improve the planarity of the polymer 
backbone. In polyethynylisoindigo (108), an ethynyl spacer was incorporated between neighboring 
isoindigo units to reduce the torsional strain observed in polyisoindigo (46). Polyethynylisoindigo 
(108) exhibited a higher electron mobility relative to polyisoindigo. Based on the GIWAXS 
analysis, the incorporation of the ethynyl spacer shortened the p-p stacking distance, which 
improved the inter-chain electron mobility. The synthesis of polybisisoindigo (109) demonstrates 
that the acid-catalyzed aldol polycondensation reaction can be a viable alternative to toxic Stille 
couplings in the synthesis of n-type conjugated polymers. The resulting homopolymer of 
bisisoindigo has a broad absorption spectrum and a low-lying LUMO, consistent with extensive 
co-planarity and conjugation along the polymer backbone. GIWAXS and OFET data show that 
this improved co-planarity leads to better intra-chain charge transport and therefore a higher 






Chapter 4 - General Conclusions and Outlook 
4.1 General Conclusions 
The primary goal of this thesis was to explore the effect of molecular structure on the 
optoelectronic properties of isoindigo-based organic semiconductors. This was achieved by 
synthesizing new acceptor building blocks and incorporating them into new donor-acceptor 
materials. The molecular structure of these new materials was varied in a number of ways. A set 
of structural isomers was developed by changing the substitution pattern when they were coupled 
to donors. The molecular structure was also altered by incorporating isoindigo-based building 
blocks with varying degrees of torsional strain. The effects of these structural changes were first 
predicted by using density functional theory to calculate optimized geometries, oscillator strengths, 
and absorption spectra. These findings were supported by experimentally determined crystal 
structure, optical and electrochemical properties. These studies were accomplished over the course 
of two major projects, presented in this thesis.  
In the first project, the core structure of isoindigo was modified by ring-fusion to develop a 
new building block, benzoisoindigo. Benzoisoindigo was used as the acceptor in D-A materials to 
study the effect of substitution pattern in donor-acceptor semiconductors. Relative to isoindigo 
analogues, the extended conjugation length in benzoisoindigo reduced the band gap of the D-A 
material. Therefore, it was concluded that the conjugation length plays a crucial role in tuning the 
band gap of D-A semiconductors. The comparison between D-A materials with different 
substitution patterns demonstrated that the substitution pattern did not greatly affect the frontier 
molecular orbital levels; hence, the band gaps of cross-conjugated materials remain unaltered with 
respect to their linearly conjugated analogues. However, the cross-conjugation dramatically 
reduced the oscillator strength of the S0 → S1 transition. DFT calculations showed that cross-
conjugation leads to localization of the LUMO on the acceptor unit, without any contribution from 
the donor. This greatly reduces the HOMO → LUMO transition probability, leading to a low 
oscillator strength. When incorporated in OPVs, the cross-conjugated materials were barely 






conjugated materials were not capable of absorbing enough photons to produce a reasonable 
photocurrent for photovoltaic applications. Therefore, linear conjugation is essential for organic 
electronic applications. This work also revealed valuable findings on the morphology of 
benzoisoindigo-based semiconductors in OPV active layers. AFM images showed that the larger 
p-system of benzoisoindigo led to over-crystallization, which hindered charge separation in OPV 
active layers. 
Based on the findings of the first project, a set of polymer semiconductors was synthesized 
in the second project. The polymers were used to study the effect of torsional strain on the charge 
carrier mobility of organic semiconductors. Polyisoindigo was chosen as a control polymer where 
a large torsion angle between neighboring isoindigo units caused a low electron mobility. Two 
new polymers (polyethynylisoindigo and polybisisoindigo) were synthesized with varying degrees 
of torsional strain in their backbones. In polyethynylisoindigo, the torsion angle was lowered 
because of the lack of steric constraints provided by the ethynyl spacers. The ring-fused 
bisisoindigo unit in polybisisoindigo was twice as large as the isoindigo unit in polyisoindigo. This 
resulted in an overall increase in conjugation length. Ring fusion reduced the number of single 
bonds, leading to an overall torsional strain lower than in polyisoindigo chains of similar molecular 
weight. When incorporated in OFETs, polyethynylisoindigo exhibited a higher electron mobility 
compared to polyisoindigo. GIWAXS analysis showed the reduced torsion angle in 
polyethynylisoindigo shortened the p-p stacking distance, and improved the inter-chain electron 
mobility. Interestingly, polybisisoindigo was the most disordered of the three polymers, although 
it exhibited an electron mobility even higher than polyethynylisoindigo. Based on the GIWAXS 
analysis, there could be two plausible reasons for this improvement. Either the intrachain electron 
mobility was increased because of the extended conjugation of the ring-fused monomer unit, or 
the larger p-system of the bisisoindigo unit made the polymer less sensitive towards positional 
disorder. It therefore produced a high electron mobility in spite of its amorphous nature. The 
extended conjugation length was also reflected in the optical absorption spectrum which tailed out 
to 1000 nm. This result is also in line with the findings of the first chapter, where benzoisoindigo 
derivatives showed a red-shift in their optical absorption spectra. Because of ring-fusion, 






fusion with electron deficient functional groups is an interesting approach to attain low LUMO 
energies, which is necessary for achieving air-stable electron transport.  
Another aspect of this thesis is developing new synthetic methodologies for synthesizing 
conjugated polymers for organic electronics. The third chapter of this thesis discussed the 
versatility of aldol polymerization. Aldol polycondensation was used to prepare polybisisoindigo, 
which could not be accessed via traditional metal-catalyzed cross coupling methods. Aldol 
methodology does not involve any organometallic reagent and is much more amenable to scale-
up than conventional Stille coupling methods which involve highly toxic reagents. 
As a whole, this thesis concludes that ring-fusion is a useful approach to promote planarity 
and increase the effective conjugation length in D-A materials. When it comes to designing new 
D-A semiconductors, linear conjugation is an utmost requirement. Cross-conjugation greatly 
reduces the oscillator strength of the materials. A high torsion angle undermines charge transport 
along the polymer backbone. Incorporating spacers between repeating units lowers the torsion 
angle, resulting in a substantial increase in charge carrier mobilities. Using a larger ring-fused 
repeat unit is another approach which reduces the overall torsional constraint on polymer chains 







4.2 Future Work 
The overarching goal of this thesis was to establish a deeper understanding of the effect of 
molecular structure on the performance of organic semiconductors in OPVs and OFETs. Based on 
the findings of this thesis, I propose a set of future projects to further advance these technologies. 
In addition to exploring the photovoltaic performance of polyethynylisoindigo and 
polybisisoindigo, the remaining projects are primarily designed to further modify the structure of 
bisisoindigo derivatives, tailored for OPV and OFET applications.  
4.2.1 Photovoltaic Applications of Polyethynylisoindigo and Polybisisoindigo 
OPV research was previously dominated by p-type polymer and n-type fullerene-based 
molecular materials. The disadvantages of fullerene-based OPVs were discussed in section 1.4.2. 
As mentioned in the previous section, non-fullerene n-type semiconductors are revolutionizing the 
field of OPVs and have led to a PCE over 15%.89 Another promising approach to build OPVs is 
using polymers as both the p and n-type materials, known as all-polymer solar cells. Progress on 
all-polymer solar cells have been slow, primarily because of poor polymer-polymer miscibility, 
leading to unfavorable phase separation in the BHJ active layers. The excessive phase separation 
results in charge recombination, which lowers the photocurrent leading to poor PCEs. However, 
the PCE of all-polymer solar cells has recently exceeded 10%.171 All-polymer solar cells also have 
several unique advantages. They have been shown to be more stable than OPVs based on non-
fullerene molecular semiconductors.172-174 The PCEs of all-polymer solar cells have also been 
shown to be less sensitive to the ratio of p-type and n-type material.174 All-polymer solar cells are 
also more resistant towards mechanical fracture in comparison to their molecular counterparts, 
making them more useful for flexible applications.175 
To further advance the field of all-polymer solar cells, I propose to study and optimize the 
photovoltaic performance of polyethynylisoindigo (108) and polybisisoindigo (109) as n-type 
semiconductors. The LUMO of polyethynylisoindigo (-3.90 eV) and polybisisoindigo (-3.94 eV) 
lie between PC61BM (-3.8 eV) and PC71BM (-4.3 eV).26 Therefore, both of these polymers (108 
and 109) can possibly serve as n-type semiconductor in OPVs. Moreover, OFET measurements 






LUMO of P3HT and PTB7 reside at -3.0 and -3.31 eV, respectively.26 When used as p-type 
semiconductors, both of these polymers would have an energy offset higher than 0.3 eV relative 
to LUMO of either polyisoindigo (108) or polybisisoindigo (109), which is required to break an 
electron-hole pair.16-17 These polymers are also completely soluble in chloroform, chlorobenzene 
and dichlorobenzene, which are the common processing solvents to deposit active layer in OPVs. 
Moreover, GIWAXS data showed each polymer exhibited an increased crystallinity with 
annealing at a higher temperature (100 °C). The optimization of OPV parameters will be done with 
varying p-type materials (P3HT or PTB7), changing processing solvents, ratio of p and n-type 
materials and annealing temperatures. All of these parameters will be systematically varied with 
both regular (ITO/PEDOT:PSS/ P3HT or PTB7:polymer/LiF/Al) and inverted (ITO/ZnO/ P3HT 
or PTB7:polymer/MoO3/Ag) architectures.  
4.2.2 Further Exploiting Aldol Polycondensation to Synthesize Polymers with Core-
expanded Isoindigo Structures 
As discussed in section 1.6.4, Lei et al. incorporated a benzodifurandione unit between the 
lactam rings of isoindigo to develop compound 72. Polymer 73 had a conjugated structure similar 
to PPVs; however, the conformational flexibility was eliminated as vinylene units of PPVs were 
replaced by lactam rings connected to furanone units via exocyclic double bonds.132 In OFET 
applications, this rigid structure of 73 resulted in a high electron mobility of 1.1 cm2/V·s. Zheng 
et al. developed a fluorinated derivative (129) and used it to synthesize D-A copolymer 130. 
Electron deficient F-atoms lowered the LUMO (-4.32 eV) of polymer 130  which exhibited air-







Chart 4.1 Structure of polymer 73 and 130 based on building block 72 and 129, respectively. 
The potential of building block 72 can be explored further, and the homopolymer of 72 is an 
ideal candidate for aldol polycondensation. Therefore, I propose to develop polymers 131-133 
(Chart 4.2). The synthesis of all of three polymers can be performed via the aldol polycondensation 
reaction given in Scheme 4.1. This project will again highlight the versatility of the scalable and 
metal-free aldol polymerization. Compared to the homopolymer (131) of 72, the F-atoms in 132 
are expected to produce a lower LUMO, which is required for air-stable electron transport. 
Polymer 133 should have a lower torsion angle relative to 131, as the peripheral benzene rings of 
the repeat units are replaced by thiophenes. This will make the polymer backbone more planar and 
rigid. Following the synthesis of these three polymers, their photovoltaic and OFET performance 
will be estimated.  
 







Scheme 4.1 Synthesis of 131-133 via aldol polycondensation. 
Bisisoindigo-based polymers have also shown promising electron mobility when 
incorporated in OFETs.136-137, 139 By combining alkylated bisisatin and benzodifurandione units, 
polymers with larger p-systems and low LUMO energies can result in stable electron transport 
with high charge carrier mobility. Therefore, I propose to synthesize polymer 137 and 138 (Chart 
4.3) according to Scheme 4.2. Both of these conjugated polymers are conformationally locked as 
the monomers are connected via double bonds. The lactam rings in polymer 137 will be alkylated 
with branched side chains while polymer 138 will have linear side chains. This set of polymers 










Chart 4.3 Structure of proposed polymer 137-138. 
 
Scheme 4.2 Synthesis of 137-138 via aldol polycondensation. 
Compound 74, where the benzodifurandione unit is replaced by benzodipyrroledione, has 
additional N-atoms for alkylation, as compared to 72 (Chart 4.4). As discussed in 1.6.4, polymer 
75 exhibited a high hole mobility of 1.92 cm2/V·s.134 Hence, I propose to develop another set of 
analogous polymers (140-142) where the benzodifurandione unit will be replaced by 
benzodipyrroledione (Chart 4.5). Aldol polycondensation will again be used to synthesize these 
polymers, as per Scheme 4.3. This set of polymers is expected to be more processable, compared 
to the benzodifurandione-based analogues, which is expected to impact the film morphology. The 









Chart 4.4 Structure of building block 74 and polymer 75. 
 







Scheme 4.3 Synthesis of 140-142 via aldol polycondensation. 
I also propose to couple alkylated bisisatin units to alkylated benzodipyrroledione to 
synthesize polymers 144 and 145 (Chart 4.6) using aldol polycondensation (Scheme 4.4). These 
materials would enable me to compare the benzodipyrroledione based polymers (144 and 145) 
(Chart 4.6) to the benzodifurandione based polymers (137 and 138) (Chart 4.3). Polymers 144 and 
145 will have twice as many alkyl side chains as in polymers 137 and 138. These additional alkyl 










Chart 4.6 Structure of proposed polymer 144-145. 
 
Scheme 4.4 Synthesis of 144-145 via aldol polycondensation. 
4.2.3 Developing Thienyl Derivative of Polybisisoindigo  
The emergence of thienoisoindigo and its application in OPVs and OFETs was discussed in 
section 1.6.2. As mentioned earlier, the thienoisoindigo-napthalene copolymer 57 demonstrated p-
type behavior in OFETs with a record hole mobility of 14.4 cm2/V·s.121-122The increased planarity 
of the polymer backbone from the incorporation of thienoisoindigo was the primary reason for this 
extraordinary hole mobility. As discussed in chapter 3, polybisisoindigo (109) has an increased 
electron mobility relative to polyisoindigo116 (46) because of the extended conjugation of the ring-
fused bisisoindigo unit (Chart 4.7). Polybisisoindigo nonetheless has a torsion angle as high as in 






Hence, I propose to synthesize polymer 147 as per Scheme 4.5, incorporating 146 as the repeat 
unit (Chart 4.8). This modification will replace six-membered benzene rings by five-membered 
thiophene rings at the periphery of the repeat unit, which would possibly reduce the torsion angle 
in the resulting polymer. The electron rich thiophene unit is also expected to raise the HOMO of 
the resulting polymer, which may result in ambipolar carrier transport. GIWAXS analysis showed 
that polybisisoindigo (109) was amorphous in nature and that the p-stacking was too weak to 
transport electrons efficiently via charge hopping (discussed in chapter 3). The reduced torsional 
strain in this thienyl-bisisoindigo derivative (147) will strengthen the p-stacking, hence, it should 
lead to an improved electron mobility. 
 
Chart 4.7 Structure of polymer 46,116 57122 and 109. 
 
Chart 4.8 Structure of proposed polymer 147 based on the building block 146. 
 






4.2.4 Effect of Locked Geometry vs. Alkyl Chain Branching on the Microstructure of 
Polybisisoindigo 
Onwubiko et al. synthesized two polybisisoindigo derivatives (82, 150) with a 
conformationally-locked geometry, where the repeat units were connected via double bonds (Chart 
4.9).137 Polymer 149 was N-alkylated with branched side chains, while polymer 82 had linear and 
branched side chains on alternate bisisatin units. When incorporated in OFETs, polymer 82 showed 
an electron mobility one order of magnitude higher than that of 149. Since both polymers had a 
locked geometry, the higher electron mobility of 82 was ascribed to better p-p stacking because of 
the arrangement of alternating linear and branched side chains. I synthesized polybisisoindigo 
(109, presented in Chapter 3), which is structurally similar to 82 and 149. However, the structure 
of 109 is conformationally flexible, as the repeating units are connected via single bonds. 
Surprisingly, polybisisoindigo (109) exhibited an electron mobility of a similar order of magnitude 
as 149. Polybisisoindigo (109) and polymer 149 both had branched side chains, while 82 had a 
conformationally locked geometry; however, polybisisoindigo (109) had the monomer units 
connected through single bonds. This poses a question on the relevance of the locked geometry of 
polybisisoindigo derivatives. Is the locked geometry in 82 and 149 critically important for 
uninterrupted electron transport? Or does the larger p-system of bisisoindigo make the locked 
geometry optional? Is the role of side chains more important than a geometrically locked polymer 
backbone? To answer these questions, I propose to investigate the structure-property relationship 
of polymers 109 and 150-152 (Figure 4.1). Polymers 150 and 151 have a conformationally locked 
polymer backbone with different alkyl side chain orientation. All alkyl chains in polymer 150 will 
be branched, while polymer 151 will have alternating branched and linear side chains. Polymers 
109 and 152 are also varied in their alkyl side chain orientation in a similar fashion; however, both 
of these polymers will have more rotational freedom around the single bonds connecting the 
monomers. These polymers will be incorporated in OFETs to measure their charge carrier 
mobilities and thin-film microstructures will be explored by GIWAXS. Based on the measured 
charge carrier mobilities and observed microstructure, an unequivocal conclusion can be drawn on 







Chart 4.9 Structure polymer 82,137 109, and 149.137 
 







Chapter 5 - Experimental Details 
5.1 Materials and Methods 
All starting materials were purchased from commercial suppliers and used as received. N,N-
Dimethylformamide, toluene, dichloromethane, triethylamine, 1,4-dioxane, methanol, chloroform 
and chlorobenzene were dried over activated 3 Å molecular sieves and stored under nitrogen prior 
to use. NMR spectra were acquired on either a Bruker Avance 500 or 600 MHz spectrometer. Mass 
spectra were obtained on a JEOL AccuToF 4GGCv mass spectrometer with an EiFi field 
desorption ionization source. Elemental analysis was done on a 2400 CHN Elemental analyzer 
(Perkin Elmer). UV-vis spectra were recorded either in CHCl3 or as thin films on glass substrates 
using a Cary 6000 UV-vis spectrophotometer. Cyclic voltammetry was carried out in CH2Cl2 using 
tetrabutylammonium hexafluorophosphate (0.05 M) as the supporting electrolyte. To perform 
differential pulse voltammetry, a solution of tetrabutylammonium hexafluorophosphate (0.05 M) 
in acetonitrile was used as the supporting electrolyte. For all voltammetry experiments, a glassy 
carbon electrode was used as the working electrode, a Pt wire was used as the counter electrode, 
and a Ag wire was used as the reference electrode. All voltammograms were calibrated to a 
ferrocenium/ferrocene external standard. For polymers, differential pulse voltammetry was done 
on thin films deposited on glassy carbon working electrodes (films were prepared by drop casting 
from a chloroform solution). AFM images were obtained using a Dimensions Hybrid Nanoscope 
system (Veeco Metrology Group).  
5.2 Computational Details 
DFT and TDDFT calculations were carried out using the Gaussian09 and Gaussview suites 
of software,178 at a B3LYP/6-31G(d,p) level of theory. Geometries were optimized and vibrational 
frequencies were calculated. Once the frequency analysis confirmed there were no imaginary 
frequencies, single point energy calculations were carried out using a polarizable continuum model 
(PCM) with a dielectric constant equal to that of dichloromethane. TDDFT calculations were 






calculated UV-vis spectra were processed using the SWizard program, revision 5.0, using the 
Gaussian/Lorentzian/pseudo-Voigt model.179-180 
5.3 Single Crystal X-ray Diffraction 
A single crystal of Compound 91 (CCDC 1542137) was coated with Paratone-N oil and then 
mounted using a MicromountTM (MiTeGen). The crystal was frozen to –100 °C in the cold stream 
of N2, controlled by the Oxford Cryojet attached to the diffractometer. Crystal data were collected 
on a Bruker APEX II diffractometer, using monochromated Mo Kα radiation (λ = 0.71073 Å). 
First, the orientation matrix and unit cell were determined by w scans, and then the X-ray data 
were measured using f and ω scans.181 Frame integration and data reduction was performed with 
the Bruker SAINT software package.182 Data were then corrected for absorption effects using the 
multi-scan method (SADABS).182 The structure was solved by the Intrinsic Phasing method 
implemented with SHELXT and refined using the Bruker SHELXTL software package.183-184 
Non-hydrogen atoms were refined with independent anisotropic displacement parameters (except 
atoms involved in disorder). Hydrogen atoms were refined with the riding model – they were 
placed at geometrically idealized positions with respect to the attached non-hydrogen atoms and 
their displacement parameters were fixed to be 20-50 % larger than those of the attached non-
hydrogen atoms. Ellipsoid plots were prepared using Mercury (CCDC).185 
5.4 GIWAXS Measurements 
GIWAXS measurements were performed at the Stanford Synchrotron Radiation Lightsource 
(SSRL) beamline 11-3 in a helium-filled chamber. An X-ray beam with a wavelength of 0.9752 Å 
and a beam size of 50 µm vertical and 150 µm horizontal dimensions was used.  GIWAXS images 
were recorded using a Rayonix MX225 X-ray detector at a sample to detector distance of 29.84 
cm. Data processing was performed using the Nika software package for Wavemetrics Igor,186 in 






5.5 OPV Fabrication and Testing 
ITO-coated glass substrates (Delta Technologies, Rs ~ 6 Ω/□) were cleaned by successive 
sonication for 15 min in each of 10% (v/v) Extran 300 detergent solution, Millipore water, acetone, 
and isopropanol. Clean substrates were stored under isopropanol, and they were blown dry with 
compressed air immediately prior to use and UV-ozone cleaned for 15 min. PEDOT:PSS (Clevios 
P VP AI 4083) solution was filtered through a 0.45 µm filter. This solution was spin coated onto 
the clean ITO substrates and annealed at 150 °C for 15 min before being placed in a N2-atmosphere 
glove box. The active layer solution (18 mg×mL–1) was prepared by dissolving the organic 
semiconductor (compound 90, 1, and 91) and either PC61BM or PC71BM in a 1:1 donor/acceptor 
ratio by mass in the solvent chosen and stirred overnight at room temperature. The solution was 
filtered through a 0.45 µm filter and spin coated onto the PEDOT:PSS-coated substrate. After 
drying, LiF (0.8 nm) and Al (100 nm) were thermally evaporated onto the substrate at a base 
pressure of 2 × 10–6 mbar.  
J-V curves were acquired inside a N2-atmosphere glovebox using a Keithley 2400 source-
measure unit. The cells were irradiated by a 450 W Class AAA solar simulator in conjunction with 
an AM1.5G filter (Sol3A, Oriel instruments) at a calibrated intensity of 100 mW×cm–2 which was 
determined by a standard silicon reference cell (91150 V, Oriel Instruments). The cell area was 
masked by a non-reflective anodized aluminium mask to be 0.101 cm2. IPCE was measured for 
the highest efficiency devices in an ambient atmosphere using a QE-PV-SI system (Oriel 
Instruments) consisting of a 300 W Xe arc lamp, monochromator, chopper, lock-in amplifier and 
certified silicon reference cell. Measurements were performed with a 30 Hz chop frequency. 
5.6 OFET Fabrication and Testing 
5.6.1 Wafer Preparation  
A bottom-gate bottom-contact configuration was used for all of the OFET devices. A heavily 
n+-doped SiO2/Si wafer with a 300 nm thick SiO2 dielectric layer was patterned with a gold source 
and drain pairs by conventional photolithography and thermal deposition techniques. The wafers 






in acetone and isopropanol. Subsequently, the wafers were treated with acid (aq.) and 
dodecyltrichlorosilane was deposited as a monolayer in toluene. The prepared wafers were dried 
on a hotplate at 120 °C for 30 minutes before spin-coating of the polymer films. 
5.6.2 Spin-Coating 
Each of the compounds was spin-coated from a solution (6 mg/mL) in chloroform at 2000 
rpm for 60 s. All devices were dried on a hotplate at 30 °C for 20 minutes before being brought 
into the glove-box for testing. Devices were tested as-cast, and annealed at 50 °C, 100 °C, 150 °C, 
and 200 °C for 30 minutes at each temperature.  The annealed devices were re-tested after each 
annealing cycle. The data presented in this report relate to the best performing condition for each 
polymer. 
5.6.3 Device Testing 
Device testing was performed in the glovebox, in the dark, under an argon atmosphere using 
an Agilent B2912A source/measure unit. All the OFET devices have a channel length (L) of 30 







5.7 Detailed Synthetic Procedures 
5.7.1 Synthesis of 94 
 
1-Aminonaphthalene (93) (5.0 g, 35 mmol) was dissolved in 50.0 mL of AcOH and heated 
to reflux under an argon atmosphere. Diethylketomalonate (10.0 mL, 65.8 mmol) was dissolved 
in 30 mL of AcOH in a Schlenk flask under an argon atmosphere and added to the refluxing 
solution of 1-aminonaphthalene over 0.75 h. The resulting solution was refluxed for 24 h. The 
solvent was then removed under reduced pressure and 1 M KOH was added to the resibecause of 
raise the pH to 11.0. Then the solution was heated to reflux and portions of 1 M KOH were added 
to maintain the pH. The solution was refluxed and sparged with air for 4 h. Then the solution was 
cooled to room temperature and acidified with 6 M HCl to a pH of 1.0. The brown precipitate was 
isolated by filtration, washed well with water, and finally dried under high vacuum to yield a brown 
solid. The dark brown solid (94) was used directly for the next step without any further purification 
because of its poor solubility in common organic solvents (6.05 g, 90%). 1H NMR (DMSO-d6, 500 
MHz, δ) 11.68 (s, 1H), 8.19 (d, J = 8.35 Hz, 1H), 7.98 (d, J = 8.25 Hz, 1H), 7.75 (t, J = 7.55 Hz, 







5.7.2 Synthesis of 95 
 
Compound 94 (2.50 g, 12.8 mmol) was suspended in 30.0 mL of hydrazine hydrate and 
refluxed under a N2 atmosphere for 20 h. The hydrazine hydrate was removed under reduced 
pressure to afford a yellow-orange residue. In a separate flask, metallic sodium (4.0 g, 0.17 mol) 
was dissolved in 30.0 mL of anhydrous ethanol. When the sodium was completely dissolved, the 
residue from the last step was dissolved in anhydrous ethanol (10 mL) and added portion-wise, 
with stirring, at 60-70 °C over a 10 min interval. Then the solution was refluxed for 4 h under a N2 
atmosphere. The dark brown solution was then poured onto 200 mL of ice-water and acidified to 
pH 1.0 with 6 M HCl solution. The resulting gray-brown precipitate was isolated by filtration, 
washed well with water and finally dried under high vacuum. The gray-brown solid (95) was used 
directly for the next step without any further purification because of its poor solubility in common 
organic solvents (1.7 g, 78%). 1H NMR (DMSO-d6, 500 MHz, δ) 11.14 (s, 1H), 8.06 (d, J = 7.85 
Hz, 1H), 7.90 (d, J = 7.45 Hz, 1H), 7.54 (d, J = 8.15 Hz, 2H), 7.50-7.46 (m, 2H), 7.41 (d, J = 8.20 








5.7.3 Synthesis of 96 
 
To a mixture of 94 (670 mg, 3.45 mmol) and 95 (628 mg, 3.42 mmol) in glacial acetic acid 
(50.0 mL), concentrated HCl (0.30 µL) was added, and the resulting solution was refluxed for 24 
h under an argon atmosphere. The reaction mixture was poured onto ~100 mL of ice-water and 
filtered. The resulting bluish-green solid was washed with water, ethyl alcohol and ethyl acetate. 
It was finally dried under vacuum to yield a bluish green solid (96) (573.0 mg, 47%). 1H NMR 
(DMSO-d6, 500 MHz, δ) 11.64 (s, 1H), 8.96 (d, J = 8.75 Hz, 1H), 8.17 (d, J = 8.10 Hz, 1H), 7.88 
(d, J = 8.10 Hz, 1H), 7.58-7.53 (m, 2H), 7.45 (d, J = 8.65 Hz, 1H). 
5.7.4 Synthesis of 89 
 
96 (471 mg, 1.30 mmol) was dissolved in dry DMF (30.0 mL) under an argon atmosphere, 
followed by the addition of K2CO3 (922 mg, 6.67 mmol) and 2-ethylhexylbromide (0.50 mL, 2.81 
mmol). The solution was stirred at 100 °C for 9 h. After cooling the solution to room temperature, 
it was poured onto ~100 mL of ice-water. The product was extracted with CH2Cl2 (2 ´ 50 mL), 
and 1 M HCl was used to break the resulting emulsion. The organic layer was washed with water 
(6 ´ 100 mL) and brine (1 ´ 100 mL), and dried over Na2SO4. The solvent was removed under 
reduced pressure to yield a dark-green solid (89), which was purified by flash column 
chromatography on silica gel, eluting with a gradient of CH2Cl2:hexanes (10% CH2Cl2 to 35% 






8.55 Hz, 1H), 7.79 (d, J = 8.80 Hz, 1H), 7.48-7.40 (m, 3H), 4.30-4.17 (m, 2H), 2.01-1.98 (m, 1H), 
1.46-1.28 (m, 8H), 0.94-0.86 (m, 6H). 13C NMR (CDCl3, 125 MHz, δ): 169.81, 142.47, 137.57, 
132.85, 129.62, 127.52, 125.79, 124.39, 123.68, 122.17, 120.71, 119.01, 46.50, 38.88, 30.44, 
28.63, 23.71, 23.25, 14.22, 10.72. HRMS (m/z): (M•+) Cal. (C40H46N2O2): 586.35593 found: 
586.35703. Anal. Calcd. for C40H46N2O2: C, 81.87; H, 7.90; N, 4.77; found: C, 81.90; H, 8.11; N, 
4.72. 
5.7.5 Synthesis of 98 
 
The synthesis of 98 was carried out using the same procedure as for 94, starting with 
compound 97 (2.0 g, 9.1 mmol). This yielded a brown solid (98) (2.4 g, 95%). 1H NMR (DMSO-
d6, 500 MHz, δ) 11.83 (s, 1H), 8.27 (d, J = 8.25 Hz, 1H), 8.18 (d, J = 8.50 Hz, 1H), 7.93 (t, J = 
7.65 Hz, 1H), 7.81 (s, 1H), 7.77 (t, J = 7.57 Hz, 1H). 
5.7.6 Synthesis of 99 
 
The synthesis of 99 was carried out using the same procedure as for 95, starting with 
compound 98 (3.10 g, 11.2 mmol). This yielded a gray-brown solid (99) (1.8 g, 65%). 1H NMR 
(DMSO-d6, 500 MHz, δ) 11.30 (s, 1H), 8.11 (t, J = 7.85 Hz, 2H), 7.78 (s, 1H), 7.66-7.59 (m, 2H), 








5.7.7 Synthesis of 100 
 
To a mixture of 98 (2.49 g, 9.03 mmol) and 99 (2.30 g, 8.78 mmol) in glacial acetic acid 
(50.0 mL), concentrated HCl (2.0 mL) was added, and the resulting solution was refluxed for 24 
h under an argon atmosphere. The reaction mixture was poured onto ~200 mL of ice-water and 
filtered. The resulting bluish-green solid was washed with water, ethyl alcohol and ethyl acetate. 
It was finally dried under vacuum to yield a bluish green solid (100, 2.05 g, ~45%, based on NMR 
spectra). 1H NMR (DMSO-d6, 500 MHz, δ) 11.83 (m, 2H), 11.66 (s, 2H), 9.42 (s, 1H), 8.96 (d, J 
= 8.90 Hz, 2H), 8.26-7.44 (m, 13 H). HRMS (m/z): (M•+) Cal. (C24H13BrN2O2): 440.01604 found: 
440.01893, Cal. (C24H12Br2N2O2): 517.92655 found: 517.92603. 
In addition to the desired product (100), the above aldol condensation produced a side 
product (101). The mixture (100 and 101 in a ~ 1:1 ratio) was insoluble in most organic solvents 











5.7.8 Synthesis of 102 
 
The mixture of compounds 100 and 101 (507 mg, 0.976 mmol) was dissolved in dry DMF 
(30.0 mL) under an argon atmosphere, followed by the addition of K2CO3 (426 mg, 3.16 mmol) 
and 2-ethylhexylbromide (0.50 mL, 2.81 mmol). The solution was stirred at 100 °C for 9 h. After 
cooling the solution to room temperature, it was poured onto ~40 mL of ice-water. The product 
was extracted with CH2Cl2 (2 ´ 50 mL), and 1 M HCl was used to break the resulting emulsion. 
The organic layer was washed with water (6 ´ 100 mL) and brine (1 ´ 100 mL), and dried over 
Na2SO4. The solvent was removed under reduced pressure to yield a dark-green solid (102), which 
was purified by flash column chromatography on silica gel, eluting with a gradient of 
CH2Cl2:hexanes (10% CH2Cl2 to 35% CH2Cl2) (290 mg, 41%). 1H NMR (CDCl3, 500 MHz, δ) 
9.30 (s, 1H), 8.27 (d, J = 8.00 Hz, 1H), 8.22 (d, J = 9.00 Hz, 1H), 7.60 (t, J = 7.20 Hz, 1H), 7.50 
(t, J = 7.52 Hz, 1H), 4.25 (m, 2H), 1.94 (s, 1H), 1.25-1.43 (m, 6H), 0.86-0.94 (m, 8H). 13C NMR 
(CDCl3, 125 MHz, δ): 169.44, 142.50, 134.98, 132.06, 129.10, 129.04, 128.25, 126.49, 124.11, 
121.74, 119.26, 115.63, 46.72, 38.75, 29.84, 28.59, 23.76, 23.23, 14.21, 10.77. HRMS (m/z): (M•+) 
Cal. (C40H44Br2N2O2): 744.17695 found: 744.17458. Anal. Calcd. for C40H44Br2N2O2: C, 64.52; 






Compound 153: 1H NMR (CDCl3, 500 MHz, δ) 9.26 (s, 1H), 8.85 (d, J = 8.80 Hz, 1H), 8.26 
(d, J = 8.50 Hz, 1H), 8.03 (brs, 2H), 7.77 (d, J = 8.15 Hz, 1H), 7.56 (t, J = 7.62 Hz, 1H), 7.47-7.37 
(m, 4H), 4.14-4.00 (m, 4H), 1.86 (brs, 2H), 1.37-1.25 (m, 15H), 0.88-0.85 (m, 13H). HRMS (m/z): 
(M•+) Cal. (C40H45BrN2O2): 664.26644 found: 664.25968. 
5.7.9 Synthesis of 100 via deoxygenation reaction 
 
The formation of monobrominated compound (153) could be avoided by using a 
deoxygenation reaction of the corresponding isatin (98). P(NEt2)3 (497 mg, 2.01 mmol) was added 
drop-wise to a degassed suspension of 98 (479 mg, 1.74 mmol) in CH2Cl2 (10.0 mL) at –60 °C 
and stirred for 15 min. The reaction mixture was then slowly warmed to room temperature and 
stirred for another hour. The solvent was removed under reduced pressure and the solid was 
washed with EtOAc, CH2Cl2 and acetone and dried under high vacuum to yield a bluish-green 
solid (100, 174 mg, 38%). 1H NMR (DMSO-d6, 500 MHz, δ) 11.87 (s, 1H), 9.45 (s, 1H), 8.20 (d, 
J = 8.50 Hz, 1H), 8.12 (d, J = 8.40 Hz, 1H), 7.93 (t, J = 7.30 Hz, 1H), 7.66 (t, J = 7.72 Hz, 1H). 
5.7.10 Synthesis of 154 
 
This procedure was adapted from a previous report.188-189 To a solution of 5-hexyl-2,2ʹ-
bithiophene (154) (148 mg, 0.593 mmol) in 5 mL of anhydrous diethyl ether, a 2.09 M solution of 
n-BuLi in hexanes (0.32 mL, 0.67 mmol) was added drop-wise at room temperature. It was then 
stirred for 30 min and trimethyltin chloride (0.22 g, 0.67 mmol) was added drop-wise. The solution 






stirred for 2 h, and quenched with water. The product was extracted with diethyl ether, dried over 
Na2SO4, and concentrated under high vacuum to yield 103 as a viscous yellow liquid (184 mg, 
82%). 1H NMR (CDCl3, 500 MHz, δ) 7.19 (d, J = 3.35 Hz, 1H), 7.05 (d, J = 3.30 Hz, 1H), 6.96 
(d, J = 3.50 Hz, 1H), 6.66 (d, J = 3.50 Hz, 1H), 2.77 (t, J = 7.50 Hz, 2H), 1.40-1.28 (m, 8H), 0.88 
(t, J = 7.20 Hz, 3H), 0.37 (s, 9H). 
5.7.11 Synthesis of 91 
 
To a solution of compound 102 (154 mg, 0.207 mmol) in 10 mL of freshly degassed (3× 
freeze-pump-thaw cycles), dry toluene, compound 103 (242 mg, 0.450 mmol) and Pd(PPh3)4 (31 
mg, 0.026 mmol) were added under a N2 atmosphere. The solution was then refluxed for ~48 h. 
The solvent was removed under reduced pressure and the crude product (91) was purified by 
column chromatography on silica gel, eluting with a gradient of CH2Cl2:hexanes (10% CH2Cl2 to 
35% CH2Cl2) (135 mg, 60%). 1H NMR (CD2Cl2, 600 MHz, δ) 9.05 (s, 1H), 8.28-8.23 (m, 2H), 
7.52-7.46 (m, 2H), 7.16 (d, J = 3.60 Hz, 1H), 7.11 (d, J = 3.50 Hz, 1H) 7.03 (d, J = 3.6 Hz, 1H), 
6.72 (d, J = 3.6 Hz, 1H), 4.25-4.22 (m, 2H), 2.80 (t, J = 7.57 Hz, 2H), 1.99 (brs, 1H), 1.71-1.65 
(m, 2H), 1.38-1.23 (m, 14H), 0.93-0.81 (m, 9H). 13C NMR (CD2Cl2, 125 MHz, δ): 169.64, 145.68, 
142.82, 140.54, 137.93, 135.65, 134.71, 132.54, 128.15, 127.28, 126.53, 125.91, 125.43, 124.92, 






23.57, 23.17, 22.68, 13.93, 13.88, 10.36. HRMS (m/z): (M•+) Cal. (C68H78N2O2S4): 1082.49461 
found: 1082.49705. Anal. Calcd. for C68H78N2O2S4: C, 75.37; H, 7.26; N, 2.59; found: C, 75.18; 
H, 6.99; N, 2.48. 
5.7.12 Synthesis of 105 
 
This procedure was adapted from a patent.190 6-Bromo-2-napthol (104) (2.05 g, 9.18 mmol) 
and sodium sulfite monohydrate (4.35 g, 34.5 mmol) were placed in a sealed tube followed by the 
addition of 15 mL of concentrated ammonium hydroxide. The reaction was stirred at 150 ºC for 4 
days. After cooling to room temperature, the reaction mixture was extracted with ethyl acetate and 
washed with 1 M NaOH (3 ´ 100 mL) and brine (1 ´ 100 mL). Finally, it was dried over MgSO4 
and concentrated under high vacuum to yield 105 as a brown solid (920 mg, 45%). 1H NMR 
(CDCl3, 500 MHz, δ) 7.85 (s, 1H), 7.57 (d, J = 10.1 Hz, 1H), 7.46 (d, J = 8.7 Hz, 1H), 7.34 (d, J 
= 8.0 Hz, 1H), 6.94 (d, J = 8.5 Hz, 1H), 6.79 (s, 1H), 5.51 (s, 2H). 
5.7.13 Synthesis of 106 
 
The synthesis of 106 was carried out using the same procedure as for 94, starting with 
compound 105 (1.0 g, 4.5 mmol). The crude product was purified by column chromatography on 
silica gel, eluting with a mixture of EtOAc:hexanes (1:1) to yield an orange solid (124 mg, 10%). 
1H NMR (DMSO-d6, 500 MHz, δ) 11.43 (s, 1H), 8.33 (d, J = 9 Hz, 1H), 8.26 (s, 1H), 8.22 (d, J = 






δ):182.96, 159.94, 154.98, 139.60, 133.62, 131.18, 130.72, 127.13, 124.05, 117.39, 114.66, 
108.68. 
5.7.14 Synthesis of 156 
 
The synthesis of 4-bromooxindole (156) was carried out using the same procedure as for 95, 
starting with compound 155 (2.0 g, 8.8 mmol). This afforded 156 as a dark brown solid (1.47 g, 
73%). 1H NMR (DMSO-d6, 500 MHz, δ) 10.5 (s, 1H), 7.37 (s, 1H), 7.33 (d, J = 6.15 Hz, 1H), 6.75 
(d, J = 8.25 Hz, 2H), 3.50 (s, 2H). 
5.7.15 Synthesis of 157 
 
The synthesis of 5,5′-dibromoisoindigo (157) was carried out using the same procedure as 
for 96, starting with compound 155 (1.57 g, 6.93 mmol) and 156 (1.47 g, 6.93 mmol). This afforded 
157 as a brownish-violet solid (2.31 g, 79%). 1H NMR (DMSO-d6, 500 MHz, δ) 10.7 (s, 1H), 9.32 






5.7.16 Synthesis of 158 
 
The synthesis of 158 was carried out using the same procedure as for 89, starting with 
compound 157 (511 mg, 1.22 mmol). The crude product was purified by column chromatography 
on silica gel, eluting with a gradient of CH2Cl2:hexanes (10% CH2Cl2 to 30% CH2Cl2) to yield 158 
as a brownish-violet solid (151 mg, 19%). 1H NMR (CDCl3, 500 MHz, δ) 9.37 (s, 1H), 7.47 (d, J 
= 10.45 Hz, 1H), 6.66 (d, J = 8.35 Hz, 1H), 3.69-3.60 (m, 2H), 1.83-1.80 (m, 1H), 1.38-1.29 (m, 
8H), 0.94-0.87 (m, 6H). 13C NMR (CDCl3, 125 MHz, δ): 167.74, 144.36, 135.30, 133.50, 132.66, 
123.07, 115.04, 109.71, 44.46, 37.60, 30.79, 28.81, 24.19, 23.21, 14.23, 10.91. HRMS (m/z): (M•+) 
Cal. (C32H40Br2N2O2): 642.14565 found: 642.14716. Anal. Calcd. for C32H40Br2N2O2: C, 59.64; 
H, 6.26; N, 4.35; found: C, 59.65; H, 6.35; N, 4.27. 
5.7.17 Synthesis of 90 
 
The synthesis of 90 was carried out using the same procedure as for 91, starting with 
compound 158 (511 mg, 1.22 mmol). The crude product was purified by column chromatography 






90 as a yellowish-brown solid (151 mg, 25%). 1H NMR (CDCl3, 500 MHz, δ) 9.54 (s, 1H), 7.57 
(dd, J1 = 8.12 Hz, J2 = 1.82 Hz, 1H), 7.21 (d, J = 3.70 Hz, 1H), 7.06 (d, J = 3.70 Hz, 1H), 7.01(d, 
J = 3.50 Hz, 1H), 6.78 (d, J = 8.15 Hz, 1H), 6.69 (d, J = 3.55 Hz, 1H), 3.74-3.69 (m, 2H), 2.80 (t, 
J = 7.60 Hz, 2H), 1.89-1.86 (m, 1H), 1.72-1.66 (m, 2H), 1.41-1.30 (m, 14H), 0.97-0.88 (m, 9H). 
13C NMR (CDCl3, 125 MHz, δ): 168.24, 145.37, 144.58, 142.77, 136.60, 135.10, 133.95, 129.73, 
128.72, 127.21, 124.88, 124.04, 123.26, 122.24, 108.56, 44.33, 37.22, 31.73, 30.81, 30.35, 28.91, 
28.86, 24.18, 23.24, 22.73, 14.28, 14.25, 10.89. HRMS (m/z): (M•+) Cal. (C60H74N2O2S4): 
982.46331 found: 982.46554. Anal. Calcd. for C60H74N2O2S4: C, 73.27; H, 7.58; N, 2.85; found: 
C, 73.26; H, 7.46; N, 2.86. 
5.7.18 Synthesis of 112 
 
The synthesis of 112 was carried out using the same procedure as for 96, starting with 
compound 110 (667 mg, 2.95 mmol) and 111 (627 mg, 2.95 mmol). This afforded 112 as a brown 
solid (842 mg, 67%). 1H NMR (DMSO-d6, 500 MHz, δ) 11.9 (s, 1H), 9.01 (d, J = 8.65 Hz, 1H), 







5.7.19 Synthesis of 15993 
 
The synthesis of 159 was carried out using the same procedure as for 89, starting with 
compound 112 (509 mg, 1.22 mmol). The crude product was purified by column chromatography 
on silica gel, eluting with a gradient of CH2Cl2:hexanes (20% CH2Cl2 to 30% CH2Cl2) to yield 159 
as a brown solid (527 mg, 67%). 1H NMR (CDCl3, 500 MHz, δ) 9.05 (d, J = 8.55 Hz, 1H), 7.16 
(d, J = 8.60 Hz, 1H), 6.90 (s, 1H), 3.65-3.61 (m, 2H), 1.87-1.81 (m, 1H), 1.39-1.29 (m, 8H), 0.94-
0.88 (m, 6H). 
5.7.20 Synthesis of 193 
 
The synthesis of 1 was carried out using the same procedure as for 91, starting with 
compound 159 (81 mg, 0.13 mmol). The crude product was purified by column chromatography 
on silica gel, eluting with 50% CH2Cl2 in hexanes to afford 1 as a bluish-violet solid (110 mg, 






(d, J = 8.40 Hz, 1H), 7.10 (d, J = 3.80 Hz, 1H), 7.05 (d, J = 3.50 Hz, 1H), 6.97 (s, 1H), 6.71 (d, J 
= 3.55 Hz, 1H), 3.76-3.64 (m, 2H), 2.79 (t, J = 7.60 Hz, 2H), 1.89-1.87 (m, 1H), 1.70-1.64 (m, 
2H), 1.44-1.29 (m, 14H), 0.97-0.86 (m, 9H). 13C NMR (CD2Cl2, 125 MHz, δ) 168.61, 146.45, 
145.90, 141.89, 138.77, 137.35, 134.39, 131.67, 130.18, 125.18, 125.12, 124.06, 123.86, 121.12, 
118.48, 104.55, 44.00, 37.83, 31.66, 31.63, 30.85, 30.21, 28.94, 28.82, 24.30, 23.19, 22.66, 14.00, 
13.91, 10.62. 
5.7.21 Synthesis of 113 
 
This procedure was adapted from a previous report on the alkylation of isoindigo.191 112 
(1.02 mg, 2.43 mmol) was dissolved in dry DMF (50.0 mL) under an argon atmosphere, followed 
by the addition of K2CO3 (1.67 g, 12.0 mmol) and 2-hexyldecylbromide (2.20 mL, 7.18 mmol). 
The solution was stirred at 100 °C for 22 h. After cooling the solution to room temperature, it was 
poured onto ~100 mL of ice-water. The product was extracted with Et2O (2 ´ 70 mL), and the 
organic layer was washed with water (6 ́  100 mL) and brine (1 ́  100 mL), and dried over Na2SO4. 
The solvent was removed under reduced pressure to yield a dark red solid (113), which was 
purified by flash column chromatography on silica gel, eluting with 20% CH2Cl2 in hexanes. The 
collected pure fraction was condensed to yield a red solid which was thoroughly washed with 
MeOH (1.7 g, 82%). 1H NMR (CDCl3, 500 MHz, δ) 9.06 (d, J = 8.6 Hz, 2H), 7.16 (d, J = 8.7 Hz, 








5.7.22 Synthesis of 114 
 
The synthesis of 114 was reproduced from a previous report.116  Compound 113 (520 mg, 
0.598 mmol) was dissolved in 12 mL dry 1,4-dioxane. This was followed by an addition of 
bis(pinacolato)diboron (413 mg, 1.62 mmol), Pd(dppf)Cl2 (56.0 mg, 0.06 mmol), and KOAc 
(396.0 mg, 4.034 mmol). The resulting reaction mixture was then heated to 80 °C for 6 h. After 
the reaction mixture was cooled down to room temperature, the solution was filtered through a 
short silica-pad with a mixture of 50% CH2Cl2 in hexanes. The filtrate was condensed to yield a 
brown-red solid (114) which was re-precipitated twice in MeOH (340 mg, 58%). 1H-NMR (CDCl3, 
500 MHz, δ) 9.15 (d, J = 7.2 Hz, 2H), 7.48 (d, J1 = 8.1Hz, J2 = 0.6 Hz, 2H), 7.15 (d, J = 0.6 Hz, 
2H), 3.69 (d, J = 7.5 Hz, 2H), 1.95 (bs, 2H), 1.59-1.19 (m, 72H), 0.85 (t, J = 6.6 Hz, 6H); 13C-
NMR (CDCl3, 125 MHz, δ) 168.3, 144.7, 134.5, 129.0, 128.9, 124.4, 113.7, 84.2, 44.6, 36.3, 32.1, 







5.7.23 Synthesis of 46 
 
The synthesis of polyisoindigo (46) was reproduced from a previous report.116 Compounds 
113 (448 mg, 0.515 mmol) and 114 (495 mg, 0.515 mmol) were dissolved in dry toluene under 
argon and the solution was degassed for 30 minutes. It was followed by the addition of Pd2(dba)3 
(47.3 mg, 0.051 mmol), P(o-tolyl)3 (22.4 mg, 0.072 mmol), and tetraethylammonium hydroxide 
(3.12 mmol, 25% in H2O). After heating the resulting solution at 85 ˚C for 40 h, it was cooled to 
room temperature. Diethylammonium diethyldithiocarbamate (20.0 mg, 0.089 mmol) was 
subsequently added and stirred at room temperature for 2 h to scavenge the residual palladium in 
the solution. The resulting solution was then slowly precipitated in methanol and the crude polymer 
was collected by filtration. This was purified by sequential Soxhlet extraction with methanol (24 
h), acetone (24 h), and hexanes (24 h). The remaining insoluble fraction was extracted into 
chloroform and precipitated from methanol. The resulting dark bluish-green solid (46) was isolated 
by vacuum filtration and dried under high vacuum (131 mg, 18%). Mw = 43.9 kDa, Mn = 21.9 kDa, 
Đ = 2.0. 1H-NMR (CDCl3, 500 MHz, δ) 8.98-8.70 (br), 7.40-6.80 (br), 4.25-3.61 (br), 2.07-0.81 






5.7.24 Synthesis of 115 
 
To a solution of 113 (509 mg, 0.585 mmol) in 15 mL of dry triethylamine, CuI (340 mg, 
1.78 mmol) and trimethylsilylacetylene (0.28 mg, 2.88 mmol) were added. The solution was then 
sparged with argon for 30 min. It was followed by an addition of Pd(PPh3)4 (113 mg, 0.0978 
mmol). After refluxing the solution for 24 h, the solvent was removed using a rotary evaporator to 
yield a brown slurry. This was dissolved in diethyl ether and washed with water (2 × 30 mL), brine 
(1 × 30 mL), and dried over anhydrous Na2SO4. After removal of the solvent, the crude was 
purified by flash column chromatography on silica gel, eluting with 20% CH2Cl2 in hexanes to 
yield 115 as a brown crystalline solid (290 mg, 55%). 1H NMR (CDCl3, 500 MHz, δ) 9.10 (d, J = 
8.30 Hz, 1H), 7.11 (d, J = 8.30 Hz, 1H), 6.79 (s, 1H), 3.64 (d, J = 7.60 Hz, 2H), 1.92-1.90 (m, 1H), 
1.33-1.25 (m, 24H), 0.88-0.84 (m, 6H), 0.27 (s, 9H). 13C NMR (CDCl3, 125 MHz, δ) 168.33, 
145.13, 133.09, 129.62, 126.85, 126.28, 120.06, 111.17, 105.40, 97.95, 44.75, 36.20, 32.01, 31.95, 
31.63, 30.15, 29.80, 29.69, 29.43, 26.52, 26.48, 22.81, 22.76, 22.81, 16.04, 14.23, 0.03. HRMS 
(m/z): (M•+) Cal. (C58H90N2O2Si2): 902.65408 found: 902.65380. Anal. Calcd. for C58H90N2O2Si2: 










5.7.25 Synthesis of 116 
 
To a solution of 115 (100 mg, 0.1 mmol) in a mixture of dry CH2Cl2 and MeOH (1:1), K2CO3 
(42 mg, 0.30 mmol) was added. After stirring the solution at room temperature for 4 h, the organic 
layer was extracted with ether (20 mL). This organic layer was washed with water (2 × 30 mL) 
and brine (1 × 30 mL) and dried over Na2SO4. The solvent was removed under reduced pressure 
to yield a dark-brown solid (116), which was dissolved in a mixture of 50% CH2Cl2 in hexanes 
and filtered through a short silica-gel pad. The solvent was removed by evaporation under reduced 
pressure to yield 116 as a brown solid (65 mg, 77%). 1H NMR (CD2Cl2, 500 MHz, δ) 9.13 (d, J = 
8.25 Hz, 1H), 7.12 (d, J = 8.30 Hz, 1H), 6.86 (s, 1H), 3.61 (d, J = 7.50 Hz, 2H), 3.30 (s, 1H), 1.90-
1.87 (s, 1H), 1.31-1.23 (m, 24H), 0.84-0.82 (m, 6H). 13C NMR (CDCl3, 125 MHz, δ): 168.23, 
145.25, 133.25, 129.81, 126.39, 125.86, 122.21, 111.39, 84.03, 80.14, 44.82, 36.25, 32.01, 31.95, 
31.66, 30.14, 29.81, 29.69, 29.43, 26.53, 26.50, 22.81, 22.78, 16.16, 14.26, 14.23. HRMS (m/z): 
(M•+) Cal. (C52H74N2O2): 758.57503 found: 758.57474. Anal. Calcd. for C52H74N2O2: C, 82.3; H, 







5.7.26 Synthesis of 108 
 
Compound 116 (112.0 mg, 0.128 mmol) and 113 (96.1 mg, 0.128 mmol) were dissolved in 
dry triethylamine (12.0 mL), followed by the addition of CuI (91.2 mg, 0.478 mmol). The solution 
was degassed by sparging argon for 30 min and further followed by the addition of Pd(PPh3)4 (18.0 
mg, 0.015 mmol). After refluxing the solution for 40 h, it was allowed to cool to room temperature. 
Diethylammonium diethyldithiocarbamate (10.0 mg, 0.045 mmol) was then added and the mixture 
was stirred for 3 h to remove any residual catalyst. It was then precipitated in methanol (100 mL) 
and filtered to yield a green solid. This was purified via Soxhlet extraction consecutively with 
methanol, acetone, and hexanes for 24 h for each solvent. The remaining insoluble fraction was 
extracted into chloroform and precipitated from methanol. The precipitate was isolated by vacuum 
filtration and dried under high vacuum to yield polyethynylisoindigo (108) as a dark green solid 
(130 mg, 68%). Mw = 40.4 kDa, Mn = 15.4 kDa, Đ = 2.6. 1H NMR (CDCl3, 500 MHz, δ) 9.18-8.99 
(br), 7.00-6.54 (br), 3.69-3.67 (br), 1.96-0.85 (br). Mw = 40.4 kDa, Mn = 15.4 kDa, Đ = 2.6. Anal. 







5.7.27 Synthesis of 118 
 
The synthesis of 118 was reproduced from a previous report.139 In a flame dried flask, 2-
hexyldecanoic (10.0 mL, 34.08 mmol) acid was stirred at 60 °C in thionyl chloride (20.0 mL) for 
2.5 h under argon atmosphere. After cooling the mixture, excess thionyl chloride was removed 
under high vacuum. The isolated 2-hexyldecanoyl chloride was dissolved in dry CH2Cl2 (20.0 
mL). In another flame dried flask, 1,5-diaminonapthalene (117) (2.67 g, 16.9 mmol) was 
suspended in dry CH2Cl2 (60.0 mL) under argon atmosphere, followed by an addition of 
triethylamine (5.50 mL, 39.4 mmol). The mixture was then cooled to 0 °C and the solution of 2-
hexyldecanoyl chloride in CH2Cl2 was added dropwise. A yellow-white solid started precipitating 
out with addition of 2-hexyldecanoyl chloride. The mixture was slowly brought to room 
temperature and stirred for 18 h. The resulting white sludge was filtered using suction filtration 
and washed with minimal ethanol. The collected solid was dried under high vacuum to obtain the 
product (118) as a white powder (9.02 g, 84%). 1H NMR (CDCl3, 500 MHz, δ) 7.88 (d, J = 6.85 
Hz, 2H), 7.68 (s, 2H), 7.57 (d, J = 8.15 Hz, 2H), 7.38 (t, J = 7.60 Hz, 2H), 2.35-2.45 (m, 2H), 1.74-
1.85 (m, 4H), 1.19-1.50 (m, 48H), 0.82-0.93 (m, 12H). 13C NMR (CDCl3, 125 MHz, δ) 175.22, 
132.96, 128.00, 126.04, 121.41, 118.04, 49.18, 33.57, 32.02, 31.93, 29.93, 29.69, 29.59, 29.45, 
28.03, 28.00, 22.81, 22.78, 14.24. HRMS (m/z): (M•+) Cal. (C42H70N2O2): 634.54373 found: 








5.7.28 Synthesis of 119 
 
The synthesis of 119 was reproduced from a previous report.139 To a suspension of 
compound 118 (4.62 g, 7.27 mmol), dry THF (75.0 mL), a solution of lithium aluminium hydride 
(2 M in THF) (14.9 mL, 29.8 mmol) was added dropwise. The reaction mixture was slowly brought 
to room temperature and refluxed for 90 h. After cooling the resulting mixture to 0 °C, an aqueous 
NaOH (0.3 M, 46 mL) solution was added dropwise to the solution. The crude sludge was filtered 
and washed with water. The solid was then dissolved in CH2Cl2, washed with 5% HCl, dried over 
Na2SO4. The solvent was removed under reduced pressure to yield the crude product which was 
purified by column chromatography on silica gel, eluting with a mixture of 30% EtOAc in hexanes 
to yield a yellow-red oil (119, 3.89 g, 89%). 1H NMR (CDCl3, 500 MHz, δ) 7.30 (t, J = 8.0 Hz, 
2H), 7.12 (d, J = 8.4 Hz, 2H), 6.59 (d, J = 7.6 Hz, 2H), 4.39 (br, 2H), 3.16 (d, J = 6.1 Hz, 4H), 
1.77 (sep, J = 6.0 Hz, 2H), 1.39-1.46 (m, 8H), 1.34-1.39 (m, 8H), 1.21-1.33 (m, 32H), 0.85-0.90 
(m, 12H). 13C NMR (CDCl3, 125 MHz, δ) 144.56, 125.58, 124.09, 108.37, 104.20, 47.90, 37.75, 
32.62, 32.05, 32.02, 30.22, 29.89, 29.75, 29.48, 26.95, 26.93, 22.83, 14.25. HRMS (m/z): (M•+) 
Cal. (C42H74N2): 606.58520 found: 606.58473. Anal. Calcd. for C42H74N2: C, 83.10; H, 12.29; N, 






5.7.29 Synthesis of 120 
 
The synthesis of 120 was reproduced from a previous report.139 Compound 119 (1.41 g, 2.22 
mmol) was suspended in 50.0 mL of AcOH and heated to reflux under an argon atmosphere. In 
another Schlenk flask, diethylketomalonate (1.6 mL, 10.5 mmol) was dissolved in 20 mL of AcOH 
under an argon atmosphere and the resulting solution was added to the refluxing solution of 119 
over 0.75 h. The resulting reaction mixture was degassed for 20 min. The mixture was then 
refluxed for 18 h. After cooling the reaction mixture, the solvent was removed using rotary 
evaporator to yield a brown sludge. This was dissolved in EtOAc and filtered through a silica pad. 
The filtrate was condensed and dissolved in 1,4-dioxane (50 mL); the resulting solution was left 
to stir vigorously in air. To this solution, 1.5 M tetraethylammonium hydroxide solution in 
methanol (7.50 mL, 11.3 mmol) was added quickly.  Immediately followed by this addition, the 
reaction mixture was placed in an 80 °C oil bath. The reaction was monitored by TLC (30% EtOAc 
in hexanes) until (~1 min) the isolated intermediate was completely consumed. The reaction 
mixture was then quickly quenched with cold HCl (10% v/v, 50.0 mL) The resulting product is 
unstable in basic conditions, therefore, it must not be left in a basic solution longer than required. 
The organic layer was extracted with EtOAc (3 × 30 mL). The organic layers were combined, 
washed with water, and dried over Na2SO4. The solvent was removed and the resulting crude was 
purified by column chromatography on silica gel, eluting with a mixture of 30% EtOAc in hexanes 
to yield a dark-blue solid (120) (670 mg, 41%). 1H NMR (CDCl3, 500 MHz, δ) 7.99 (d, J = 8.66 
Hz, 2H), 7.66 (d, J = 8.66 Hz, 2H), 4.16 (d, J = 7.40 Hz, 4H), 1.87-1.94 (m, 2H), 1.31-142 (m, 
8H), 1.16-1.31 (m, 40H), 0.80-0.92 (m, 12H). 13C NMR (CDCl3, 125 MHz, δ) 182.89, 159.41, 






29.61, 29.39, 26.31, 26.26, 22.80, 22.74, 14.26, 14.21. HRMS (m/z): (M•+) Cal. (C46H70N2O4): 
714.53356 found: 714.53246. Anal. Calcd. for C46H70N2O4: C, 77.27; H, 9.89; N, 3.92; found: C, 
77.21; H, 10.04; N, 3.90. 
5.7.30 Synthesis of 121 
 
The synthesis of 121 was reproduced from a previous report.139 Compound 110 (3.02 g, 13.3 
mmol) was dissolved in 50.0 mL of dry DMF which was followed by an addition of 2-hexyldecyl 
bromide (4.15 g, 13.6 mmol) and anhydrous potassium carbonate (2.12 g, 15.3 mmol). The 
resulting mixture was stirred at 100 °C for 20 h. The reaction mixture was then collected over 50.0 
mL ice-water. The organic layer was extracted with 100 mL Et2O, washed with water (5 × 50 mL) 
and brine (1 × 50 mL), dried over Na2SO4. The solvent was then removed under reduced pressure 
to yield a brown sludge which was purified by column chromatography on silica gel, eluting with 
a mixture of 10% EtOAc in hexanes to yield a dark-red solid (121) (2.28 g, 37%). 1H NMR (CDCl3, 
500 MHz, δ) 7.46 (d, J = 8.0 Hz, 1H), 7.27 (d, J = 8.0 Hz, 1H), 7.02 (s, 1H), 3.57 (d, J = 3.57, 2H), 
1.80-1.88 (m, 1H), 1.52-1.61 (m, 1H), 1.20-1.40 (m, 25H), 0.87 (t, J = 6.9 Hz, 6H). 13C NMR 
(CDCl3, 125 MHz, δ) 182.47, 158.46, 152.46, 133.63, 126.92, 126.47, 116.42, 114.14, 45.06, 
36.11, 32.00, 31.91, 31.57, 30.07, 29.74, 29.66, 29.41, 26.43, 26.39, 22.81, 22.78, 14.25, 14.22. 
HRMS (m/z) (M•+): Cal. (C24H36BrNO2): 449.19294 found: 449.19246. Anal. Calcd. for 






5.7.31 Synthesis of 122 
 
The synthesis of 122 was reproduced from a previous report.139 Compound 121 (940 mg, 
2.22 mmol) was suspended in 10 mL of hydrazine hydrate and refluxed under a N2 atmosphere for 
40 h. The resulting mixture was collected over ice-water and the organic layer was extracted with 
CH2Cl2 (2 × 30 mL). The organic layers were combined, washed with water, and dried over 
Na2SO4. The solvent was removed under reduced pressure to yield a viscous brown oil (122, 689 
mg, 77%) which was further dried under high vacuum. The obtained product was used without 
any further purification. 1H NMR (CDCl3, 500 MHz, δ) 7.15 (d, J = 7.8 Hz, 1H), 7.09 (d, J = 7.8 
Hz, 1H), 6.92 (s, 1H), 3.55 (d, J = 7.5 Hz, 2H), 3.46 (s, 2H), 1.80-1.88 (m, 1H), 1.20-1.44 (m, 
34H), 0.88 (t, J = 7.2 Hz, 8H). 13C NMR (CDCl3, 125 MHz, δ) 175.19, 171.31, 146.62, 125.71, 
124.93, 123.53, 121.43, 112.43, 65.91, 60.54, 44.78, 40.69, 36.03, 35.46, 32.02, 31.94, 31.09, 
30.12, 29.79, 29.67, 29.43, 26.51, 26.47, 14.25. HRMS (m/z) (M•+): Cal. (C24H38BrNO): 









5.7.32 Synthesis of 123 
 
The synthesis of 123 was reproduced from a previous report.139 Compound 120 (150 mg, 
0.209 mmol) and compound 122 (201 mg, 0.461 mmol) were suspended in 15.0 mL of glacial 
acetic acid under argon atmosphere. To the resulting mixture, p-toluene sulfonic acid monohydrate 
(10.0 mg) was added and the mixture was then heated to 80 °C and stirred for 20 h. The reaction 
mixture was cooled and poured onto ice-water (50 mL). The aqueous mixture was filtered by 
suction, washed with water and acetone. The obtained product was dried under high vacuum to 
yield the desired product as a waxy brown solid (123,135 mg, 41%). 1H NMR (CDCl3, 500 MHz, 
δ) 8.94-9.01 (m, 4H) 7.84 (d, J = 9.3 Hz, 2H), 7.17 (d, J = 8.5 Hz, 2H), 6.91 (s, 2H), 4.23 (d, J = 
7.20 Hz, 4H), 3.65 (d, J = 7.40 Hz, 4H), 1.99-2.09 (m, 2H), 1.86-1.96 (m, 2H), 1.08-1.45 (m, 96H), 
0.77-0.93 (m, 24H). 13C NMR (CDCl3, 125 MHz, δ) 170.03, 168.06, 146.47, 143.53, 132.73, 
132.70, 130.50, 127.03, 125.23, 124.51, 123.51, 120.97, 120.24, 117.41, 111.80, 47.47, 44.93, 
37.50, 36.29, 32.02, 31.95, 31.90, 31.70, 31.19, 30.22, 30.14, 29.86, 29.80, 29.70, 29.65, 29.43, 
26.59, 26.53, 26.24, 22.81, 22.78, 22.74, 14.23. HRMS (m/z): (M•+) Cal. (C94H142Br2N4O4): 
1548.93978 found: 1548.94600. Anal. Calcd. for C94H142N4O4Br2: C, 72.75; H, 9.22; N, 3.61; 










5.7.33 Synthesis of 126 
 
The synthesis of 126 was reproduced from a previous report.139 Compound 121 (316 mg, 
0.701 mmol) was dissolved in 5.0 mL 1,4-dioxane. To the resulting mixture, 
bis(pinacolato)diboron (216 mg, 0.858 mmol), [Pd(dppf)Cl2]·CH2Cl2 (54.0 mg, 0.060 mmol), and 
KOAc (213 mg, 2.15 mmol) were added. The mixture was then heated to 80 °C and stirred for 4 
h. The solution was cooled and poured onto ice-water (20 mL). The organic layer was extracted 
with EtOAC, washed with water, dried over Na2SO4 and condensed to yield brown-orange solid 
(126), which was dried under high vacuum (223 mg, 64%). 1H NMR (CDCl3, 500 MHz, δ) 7.55 
(q, J = 6.7 Hz, 2H), 7.24 (s, 1H), 3.61 (d, J = 7.4 Hz, 2H), 1.85-1.93 (m, 1H), 1.56-1.60 (m, 1H), 
1.18-1.43 (m, 40H), 0.87 (t, J = 6.8Hz, 8H). 13C NMR (CDCl3, 125 MHz, δ) 184.36, 158.54, 
150.59, 130.15, 124.20, 119.47, 115.72, 84.76, 83.60, 44.75, 36.01, 31.99, 31.90, 31.64, 31.62, 
30.03, 24.98, 14.20. HRMS (m/z) (M•+): Cal. (C30H48BNO4): 497.36764 found: 497.36780. Anal. 







5.7.34 Synthesis of 127 
 
The synthesis of 127 was reproduced from a previous report.139 Compound 122 (206 mg, 
0.457 mmol) and 126 (223 mg, 0.448 mmol) were dissolved in acetonitrile (10.0 mL). K2CO3 (124 
mg, 0.897 mmol) was dissolved in minimal H2O, and the solution was degassed for 15 min. The 
aqueous solution of K2CO3 was added to the previous solution in acetonitrile and the resulting 
solution was degassed again for 30 min. After adding [Pd(dppf)Cl2]·CH2Cl2 (25 mg, 0.031 mmol), 
the reaction mixture was heated to 80 °C and stirred for 10 min. After cooling the reaction mixture, 
the organic layer was extracted with EtOAC, washed with water and brine, and dried over Na2SO4. 
The solvent was removed under reduced pressure to yield a brown crude which was purified by 
column chromatography on silica gel, eluting with a mixture of 25% EtOAc in hexanes. The 
collected pure fractions were condensed under reduced pressure and dried under high vacuum to 
obtain the desired product as an orange solid (127) (194 mg, 59%). 1H NMR (CDCl3, 500 MHz, 
δ) 7.72 (d, J = 7.7 Hz, 2H,), 7.30 (d, J = 7.7 Hz, 2H), 7.00 (s, 2H), 3.66 (d, J = 7.4 Hz, 4H), 1.84-
1.93 (m, 2H), 1.18-1.42 (m, 57 H), 0.81-0.90, (m, 14 H). 13C NMR (CDCl3, 125 MHz, δ) 182.93, 
158.59, 152.22, 149.65, 126.09, 122.78, 117.68, 109.20, 77.42, 77.16, 76.91, 44.90, 36.34, 31.96, 
31.89, 31.87, 31.63, 30.10, 29.76, 29.66, 29.41, 26.55, 26.51, 22.80, 22.75, 22.72, 14.21, 14.18. 
HRMS (m/z) (M•+): Cal. (C48H72N2O4): 740.54921 found: 740.55050. Anal. Calcd. for 






5.7.35 Synthesis of 128 
 
Compound 127 (1.21 g, 1.63 mmol) was suspended in 50 mL of hydrazine monohydrate and 
heated to reflux for 40 h. After cooling the mixture down to room temperature, the organic layer 
was extracted with dichloromethane (2 × 40 mL). The organic layer was washed with water (5 × 
50 mL) and brine (1 × 50 mL), dried over anhydrous MgSO4, and finally condensed to yield a 
brown oil. The oil was precipitated in a mixture 25% hexanes in isopropanol to yield a gray solid. 
This was isolated by vacuum filtration to yield 128 (921 mg, 79%). 1H NMR (CDCl3, 600 MHz, 
δ) 7.32 (d, J = 7.68 Hz, 1H), 7.21 (d, J = 7.23 Hz, 1H), 6.96 (s, 1H), 3.64 (d, J = 7.44 Hz, 2H), 
3.57 (s, 1H), 1.91-1.89 (s, 1H), 1.32-1.21 (m, 24H), 0.86-0.83 (m, 6H). 13C NMR (CDCl3, 150 
MHz, δ): 175.56, 145.90, 141.52, 147.76, 124.09, 121.10, 107.61, 44.67, 36.30, 35.70, 32.01, 
31.97, 31.76, 30.20, 29.87, 29.72, 29.47, 27.23, 26.69, 26.64, 22.81, 16.04, 14.26, 14.23. HRMS 
(m/z): (M•+) Cal. (C48H76N2O2): 712.59068 found: 712.59158. Anal. Calcd. for C48H76N2O2: C, 







5.7.36 Synthesis of 109 
 
To a solution of 120 (60.9 mg, 0.0853), and 128 (61.1 mg, 0.0853 mmol) in 10.0 mL dry 
toluene, p-toluene sulfonic acid was added (5 mg, 0.03 mmol). The solution was refluxed for 40 h 
with a Dean-Stark apparatus to distill out the water generated over the course of reaction. The 
resulting suspension was cooled to room temperature and precipitated in cold methanol (50.0 mL). 
The precipitate was filtered off and then washed by sequential Soxhlet extraction with methanol 
(24 h), acetone (24 h), and hexanes (12 h). The remaining insoluble fraction was extracted in 
chloroform and precipitated from methanol. The precipitate was isolated by vacuum filtration and 
dried under high vacuum to yield polybisisoindigo as a dark green solid (109, 45 mg, 38%). Mw = 
38.0 kDa, Mn = 15.5 kDa, Đ = 2.4. 1H NMR (CDCl3, 500 MHz, δ) 9.16 (brs), 8.89-8.79 (brd), 7.67 
(brs), 7.08-6.90 (br), 5.14-5.12 (brs), 4.72-3.63 (br), 1.99-0.67 (br). Mw = 38.0 kDa, Mn = 15.5 








5.8 Crystallographic Data of 91 
 
Figure 5.1(b) Structure and numbering of atoms of 91 for crystal and structural refinement data. 







Table 5.1 Crystal and Structural Refinement Data for Compound 91. 
 Compound 91  
Empirical formula  C68H78N2O2S4  
Formula weight  1083.56  
Temperature / K 173(2)   
Wavelength / Å 0.71073   
Crystal system  Triclinic  
Space group  P-1  
Unit cell dimensions a / Å = 6.0240(2)  α / ° = 78.658(2) 
 b / Å = 12.4238(4)  β / ° = 86.669(2) 
 c / Å = 20.2310(6)  γ /° = 78.084(2) 
Volume / Å3 1452.31(8)   
Z 1  
Density (calculated) / mg m-3 1.239   
Absorption coefficient / mm-1 0.211   
Crystal size 0.420 × 0.210 × 0.120 mm3  
Theta range for data collection / ° 1.706 to 27.543  
Reflections collected 33415  
Independent reflections 6642 [R(int) = 0.0316]  
Completeness to theta = 25.242° 99.5 %   
Absorption correction Multi-scan  







Table 5.1 (continued). 
Data / restraints / parameters 6642 / 113 / 342  
Goodness-of-fit on F2 1.039  
R1 [I> 2	𝜎(I)]a 0.0956   
wR2 (all data) = 0.2978  
Extinction coefficient n/a  
Largest diff. peak and hole, Dρelect 
/ e Å-3 
1.736 and -0.821   







Table 5.2 Atomic coordinates (×	104) and equivalent isotropic displacement parameters (Å2 × 
103) for compound 91. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
S(1) 5808(1) 8876(1) 6144(1) 32(1) 
S(2) 4330(3) 9682(1) 8129(1) 59(1) 
O(1) 9675(5) 4213(2) 3864(1) 42(1) 
N(1) 6390(4) 5452(2) 3965(1) 24(1) 
C(1) 8525(5) 4876(3) 4178(2) 26(1) 
C(2) 9026(5) 5231(2) 4816(2) 21(1) 
C(3) 7021(5) 6096(2) 4912(2) 21(1) 
C(4) 5480(5) 6196(2) 4397(2) 23(1) 
C(5) 3365(5) 6973(3) 4348(2) 24(1) 
C(6) 2827(5) 7648(3) 4855(2) 25(1) 
C(7) 4390(5) 7523(3) 5383(2) 26(1) 
C(8) 6442(5) 6782(3) 5397(2) 24(1) 
C(9) 748(6) 8440(3) 4817(2) 30(1) 
C(10) -751(6) 8566(3) 4317(2) 33(1) 
C(11) -257(6) 7902(3) 3825(2) 34(1) 
C(12) 1739(6) 7132(3) 3833(2) 30(1) 
C(13) 3863(5) 8145(3) 5948(2) 27(1) 
C(14) 2097(6) 8166(3) 6406(2) 32(1) 
C(15) 2333(6) 8761(3) 6918(2) 34(1) 
C(16) 4248(6) 9195(3) 6852(2) 32(1) 
C(17) 5169(7) 9800(3) 7289(2) 36(1) 
C(18) 6828(8) 10405(4) 7148(2) 45(1) 
C(19) 7473(9) 10778(4) 7716(3) 54(1) 
C(20) 6289(10) 10451(5) 8284(3) 61(1) 
C(21) 6483(15) 10681(6) 8984(3) 92(2) 
C(22) 7390(17) 9625(9) 9466(5) 122(2) 
C(23) 9750(30) 9100(20) 9305(15) 124(2) 
C(23') 9400(20) 8764(12) 9341(10) 124(2) 







Table 5.2 (continued). 
 x y z U(eq) 
C(24') 10320(30) 7864(15) 9912(10) 127(2) 
C(25) 9290(40) 7149(19) 9791(15) 131(3) 
C(25') 12640(30) 7356(15) 9701(9) 132(3) 
C(26) 11510(40) 6409(18) 9987(14) 133(3) 
C(26') 13580(30) 6524(16) 10183(9) 136(4) 
C(27) 5380(6) 5127(3) 3415(2) 30(1) 
C(28) 5627(10) 5860(5) 2717(3) 63(1) 
C(29) 4141(18) 5552(9) 2219(5) 66(2) 
C(29') 4910(20) 5237(10) 2205(6) 70(2) 
C(30) 5330(20) 4445(9) 2016(7) 77(2) 
C(30') 3740(20) 4228(10) 2325(6) 76(2) 
C(31) 4030(20) 3705(12) 1726(6) 82(2) 
C(31') 2940(30) 4144(12) 1634(5) 84(2) 
C(32) 2230(20) 3321(12) 2237(7) 95(3) 
C(32') 1760(30) 3053(14) 1824(9) 91(3) 
C(33) 7861(11) 6107(6) 2532(3) 75(2) 




































































































































































































































































































































































































































Table 5.4 Anisotropic displacement parameters (Å2 × 103) for compound 91.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12] 
 U11 U22 U33 U23 U13 U12 
S(1) 23(1) 34(1) 41(1) -16(1) 0(1) -3(1) 
S(2) 73(1) 70(1) 46(1) -30(1) 6(1) -28(1) 
O(1) 34(1) 48(2) 43(2) -26(1) -16(1) 18(1) 
N(1) 22(1) 24(1) 27(1) -7(1) -5(1) 1(1) 
C(1) 24(2) 24(2) 28(2) -6(1) -6(1) 2(1) 
C(2) 20(1) 18(1) 25(2) -5(1) -1(1) -2(1) 
C(3) 17(1) 19(1) 27(2) -4(1) -2(1) -2(1) 
C(4) 22(2) 20(1) 25(2) -2(1) -1(1) -3(1) 
C(5) 18(1) 22(1) 30(2) -1(1) -4(1) -2(1) 
C(6) 18(1) 23(2) 31(2) -3(1) 0(1) -2(1) 
C(7) 22(2) 23(2) 31(2) -7(1) -1(1) -1(1) 
C(8) 20(2) 25(2) 28(2) -6(1) -2(1) -2(1) 
C(9) 24(2) 26(2) 35(2) -5(1) 0(1) 2(1) 
C(10) 22(2) 32(2) 40(2) -1(2) -3(1) 4(1) 
C(11) 23(2) 39(2) 37(2) -1(2) -9(1) -1(1) 
C(12) 23(2) 32(2) 33(2) -4(1) -5(1) -2(1) 
C(13) 21(2) 27(2) 33(2) -10(1) -5(1) 0(1) 
C(14) 22(2) 35(2) 42(2) -15(2) -2(1) -3(1) 
C(15) 27(2) 35(2) 39(2) -13(2) 3(1) 2(1) 
C(16) 27(2) 30(2) 37(2) -11(1) -3(1) 4(1) 
C(17) 34(2) 33(2) 42(2) -16(2) -3(2) 0(2) 
C(18) 45(2) 41(2) 54(3) -20(2) -2(2) -8(2) 







Table 5.4 (continued). 
 U11 U22 U33 U23 U13 U12 
C(20) 76(4) 58(3) 59(3) -32(2) -18(3) -12(3) 
C(21) 136(7) 83(4) 72(4) -41(4) -25(4) -28(4) 
C(22) 124(3) 126(3) 119(3) -27(2) -3(2) -24(2) 
C(27) 29(2) 31(2) 33(2) -10(1) -10(1) -3(1) 
C(28) 63(2) 73(2) 55(2) -9(2) -6(2) -20(2) 
C(33) 78(4) 97(5) 54(3) 0(3) -10(3) -38(4) 








Table 5.5 Hydrogen coordinates (× 104) and isotropic displacement parameters (Å2 × 103) for 
compound 91. 
 x y z U(eq) 
H(8) 7485 6733 5741 29 
H(9) 396 8895 5150 36 
H(10) -2130 9103 4304 40 
H(11) -1316 7985 3479 41 
H(12) 2045 6695 3490 36 
H(14) 847 7818 6382 39 
H(15) 1255 8848 7275 41 
H(18) 7496 10564 6712 54 
H(19) 8612 11210 7699 65 
H(21A) 7504 11217 8967 110 
H(21B) 4970 11027 9145 110 
H(22A) 7337 9791 9926 147 
H(22B) 6395 9083 9465 147 
H(22C) 7701 9858 9886 147 
H(22D) 6113 9226 9573 147 
H(23A) 10773 9630 9305 149 
H(23B) 9827 8905 8851 149 
H(23C) 9002 8401 8983 149 
H(23D) 10635 9159 9158 149 
H(24A) 12129 7799 9762 153 
H(24B) 10222 8270 10273 153 
H(24C) 10381 8179 10322 152 







Table 5.5 (continued). 
 x y z U(eq) 
H(25A) 8058 7072 10133 157 
H(25B) 8788 7135 9336 157 
H(25C) 12567 7068 9282 158 
H(25D) 13592 7933 9608 158 
H(26A) 12597 6496 9610 200 
H(26B) 11323 5628 10098 200 
H(26C) 12071 6614 10380 200 
H(26D) 13808 6825 10581 205 
H(26E) 15040 6148 10021 205 
H(26F) 12569 5986 10303 205 
H(27A) 3745 5155 3519 36 
H(27B) 6090 4341 3393 36 
H(28A) 4742 6607 2784 76 
H(28B) 4522 6586 2697 76 
H(29A) 3887 6154 1814 80 
H(29B) 2647 5473 2433 80 
H(29C) 3912 5824 1889 84 
H(29D) 6307 5007 1945 84 
H(30A) 6121 3972 2421 93 
H(30B) 6531 4624 1680 93 
H(30C) 2431 4339 2641 91 
H(30D) 4815 3535 2518 91 
H(31A) 3287 4133 1304 98 







Table 5.5 (continued). 
 x y z U(eq) 
H(31C) 4231 4023 1313 101 
H(31D) 1832 4825 1439 101 
H(32A) 1217 3977 2361 143 
H(32B) 2984 2848 2641 143 
H(32C) 1354 2891 2035 143 
H(32D) 2870 2404 2037 136 
H(32E) 1210 2896 1412 136 
H(32F) 474 3202 2136 136 
H(33A) 8917 5395 2496 90 
H(33B) 8388 6397 2905 90 
H(34A) 7639 6631 1510 115 
H(34B) 9609 7047 1827 115 
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